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ABSTRACT
A number of chromium(ll) compounds have been prepared under anaerobic 
conditions and investigated by spectroscopic, magnetic and other techniques, 
also carried out in the absence of air.
The new compounds of chromium(ll) include those with substituted 
pyridines and thiocyanate, CrdO^CNCS)^ (L=3 ,5-dimethylpyridine, 3-bromopyridine,
3-iodopyridine, 3i3-dichloropyridine or iso-quinoline). These complexes all 
show antiferromagnetic behaviour and have been shown to possess a polymeric 
structure with bridging thiocyanate. Some complexes of 2,2’-dipyridylamine 
with chromium(ll) have also been prepared including CrClJX^
(L=2,2 ’-dipyridylamine; X=NCS, NCO or -g-SO^ ) and C r(L )^X ^ (L-2,2 ’-dipyridylamine; 
X=C1., Br or I). The halide complexes have a distorted octahedral structure and 
show normal magnetic behaviour, whilst the others have polymeric structures and 
show antiferromagnetic behaviour, except for the sulphate which shows normal 
behaviour.. These- complexes include the first cyanato-chromium(II) complex 
which also provides the first example of bridging cyanate. •
Two new compounds of chromium(ll) with the macrocyclic ligand 
1,A,8,11-tetraazacyclotetradecane (£lAjaneN^) have been prepared i.e.
Cr( [ 1 aneN^)XPFg.H^O, where X=C1 or Br; these have been shown to have a 
polymeric structure with bridging halide and also show antiferromagnetic 
behaviour.
Chromium complexes of polymeric Schiff bases derived from 
5,5 '-methylenebis(salicylaldehyde) and either A,A'-methylenebis(cyclohexylamine) 
or 3 ,3 ’-diamino-N-methyldipropylamine have.been prepared and shown to contain 
chromium(lll) contrary to earlier reports where they were said to contain 
chromium( II). .
A new series of chromium^il1) complexes has been prepared where the 
axial aquo ligands of dlaquotetra-ju-carboxylatodichromium(II) complexes are 
replaced by thiocyanate. The complexes [Et^N]2[Cr^CRCOCO.^CNCS)^] (R=CH^,CH^CH^) 
are diamagnetic and show evidence of a metal-metal bond as does the complex 
CrCCH^CCH^^gCOO^.H^O, which was also prepared.
ii
LIST OF ABBREVIATIONS
Ligand Abbreviations 
£l2janeN^
[13] aneN^
£l4j aneN^
[15] aneN^
£ 16j aneN^ 
bipy 
3-Brpy •
2-Clpy
3.3-Clpy 
dap
dipyam
en
3-lpy 
iso-quin 
Me^en
2-Mepy
3-Mepy
4-Mepy
3.3-Mepy 
ox
phen
py
"salen
[5,5V-Salmebch]
[313 1 -SalMeDPTj
terpy
tu
1.4.7.10-tetraazacyclododecane
1,A,7110-tetraazacyclotridecane
1.4.8.11-tetraazacyclotetradecane
1.4.8.12-tetraazacyclopentadecane
1.3 .9.13-tetraazacyclohexadecane 
2,2 ‘-bipyridyl 
3-bromopyridine
2-chloropyridine
3.3-dichloropyridine
1.3-diaminopropane 
2,2 1-dipyridylamine
1.2-diaminopropane
3-iodopyridine 
iso-quinoline
N,N*-dimethyl-1,2-diaminoethane
2-methylpyridine
3-methylpyridine
4-methylpyridine
3 .3-dimethylpyridine 
oxalate
1,10-phenanthroline 
pyridine
N,N!-ethylenebis(salicylideneimine) 
dianion of the polymeric Schiff base 
from 3,3 '-methylenebis(salicylaldehyde) 
and 4,4*-methylenebis(cyclohexylamine) 
dianion of the polymeric Schiff base 
from 5,3 '-methylenebis(salicylaldehyde) 
and 3i3*-diamino-N-methyldipropylamine 
2,2*,6 *,2M-terpyridyl 
thiourea
Abbreviations used in Diagrams and Tables
$ Angstrom
4 ampere
Ill
br broad
B.M. ' Bohr magneton
e ' extinction coefficient
atomic susceptibility
/■
molar susceptibility 
LNT liquid nitrogen temperature
0 Weiss constant
m medium
RT room temperature
s . strong
sh sharp
^eff effective magnetic moment
v frequency
v * very
w v/eak
Diffuse reflectance spectra are shov/n v/ith a v/avelength scale calibrated
—1in nm; in the text they have been converted to v/avenumber (cm ).
CHAPTER ONE 
Introduction
Chromium, one of the early first row'transition metals, has an
? 2 6 2 6 c 1 
electronic configuration 1s ~ 2s" 2p 3s 3p 3d^ 4s * As with most transition
elements it shov/s several oxidation states, varying from chromium(VI) found in
p _
oxo species such .as CrO^" , to chromium(-II) found in the carbonyl compound
Na^^CrCC0)^|. The most stable and important state is chromium(III), which 
3has a d configuration with each t level singly occupied. This leads to a
O
considerable crystal field stabilisation energy (CFSE) and renders complexes 
of chromium(III) kinetically inert. Oxidation states higher than +3 are 
highly oxidising and those with chromium in oxidation states lower than +3, 
strongly reducing.
Until recent years, little chromium(ll) chemistry was known, as the
majority of chromium complexes are stable only in the solid state or in the
absence of air. Chromium(ll) is readily oxidised to chromium(IIl) as the
redox potential indicaJes:
Cr3t * + e~===£= Cr2* , E° = - 0.4lv(aq) (aq)
Thus investigation of chromium(II) chemistry was hindered until the development
of techniques enabling the straightforward manipulation of air-sensitive
solutions and materials under strict anaerobic conditions, although crude
methods using bell jars continuously flushed with freshly prepared carbon
1 2dioxide were succesful as early as the 19th century ’ • The use of advanced
3.techniques is now highly developed
In spite of the air-sensitive nature of most chromium(Il) compounds,
it is considered that some complexes may be involved in certain biological 
4
processes . It is reported that biological reducing agents of suitable redox 
potential to sustain trace quantities of chromium(ll) may exist, and, since 
even very small amounts of chromium(ll) can considerably increase the rate of 
ligand substitution reactions for chromium(III) species, it is suggested that
2they may be important in the synthesis of lipids and in control of glucose 
levels in the blood, two areas in which- the metal has* been shown to play an 
important role .
1.1 CHROMIUM CHEMISTRY
Chromium(ll) salts and solutions can be obtained by a variety of
methods. Early researchers obtained chromium(ll) solutions through electrolytic
reduction of chromium(III) solutions ^ through reduction of chromium(III)
solutions with zinc and mineral acid 9^10^ Qr dissolution of chromium(II)
11acetate, prepared by the previous method, in mineral acids
Until recent years, preparation of chromium(II) salts by dissolution
of the metal in mineral acids was not possible. Various theories to explain
the formation of the chromium(lll) salts in such attempts were forv/arded,
including instability of chromium(ll) solutions in the presence of hydrogen 
12ions , and the catalysis of oxidation to chromium(III) by transition metal
13ions and other impurities . More recently pure chromium(H) salts have
1 Zf 15
been obtained by this method ’ , but from spectroscopic grade chromium
metal and analytical grade acids; this procedure was favoured in this work 
due to its convenience.
There have been several surveys of chromium(II) compounds
More recently aminine complexes have been reported along v/ith other complexes
. 22 23containing nitrogen donor ligands such as imidazole and glycine ’ . Also
reported was the complex Cr_(CH COO), (NH_)„, which is one of a series of
2 3 h 3 2
compounds of considerable interest because they contain a metal-metal quadruple
24-35bond. A considerable number of compounds of this type are now known ,
including the complex tetrakis(2-methoxy-5-methylphenyl)dichromium(II) which
° OQ
has a very short metal-metal bond of 1.828A
36Other new complexes are: Cr(o-phenylenebis(dimethylarsine)’
37Cr(pyrazole)^ ^  ^X^ (X = Cl, Br, I) and bis(dihydrobis(1-pyrazolyl)borato)-
' 38 39chromium(IIj and related compounds 1 « Several complexes with macrocyclic
40-43 4^
ligands have also been reported , including chromium(ll) porphyrins
44
Complex halides have been prepared ; some of these show ferromagnetic 
behaviour, which is unusual in chromium(ll) complexes.
ELECTRONIC SPECTROSCOPY OF CHROMIUM(II) AND CHRCMIUM(III).
4
The d electronic structure of chromium(II) has two possible
3 1arrangements in a regular octahedral field, the high-spin d  s 1 and the
2g g
4 c
low-spin t e configurations; the separation of the t„ and e energy levels
2g g 2g g
depending on the ligand field strength 10Dq.
The high-spin electronic configuration gives rise to a doublet E
g
3 5ground term and only one spin-allowed d-d transition, E- •— -'T is expected
g 2g
in the visible spectra of high-spin chromium(ll) complexes. However, a single 
asymmetric band is observed in the visible spectra of aqueous chromium(Il) 
salts, and in the diffuse reflectance spectra of hexaaquo complexes, a near
infrared band is also observed. The asymmetry and the additional band have
46 . to 
47-53
A5 
been attributed 1 the presence of tetragonal distortion caused by the
Jahn-Teller effect
The Jahn-Teller theorem states that any non-'linear molecular system
which has a degenerate electronic state will be unstable and will undergo
some kind of distortion that will lower its symmetry and split the degenerate
state. The E ground term is degenerate for high-spin chromium(II),. as is 
g
the T„ term and so the complex becomes tetragonally distorted (the symmetry 
2g
is lowered) and the degenerate terms are split (Diagram 1.1). The distortion
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can be of one of two forms; elongation of the metal-ligand bond length along 
the z axis to give four short and two long metal-ligand bonds (this is more 
usual), or contraction along this axis to give two short and four long bond 
lengths.
These distortions have been demonstrated crystallographically in
c i f  55
several chromium(II) compounds including CrF^ , which contains four short
56 57and two long bonds , and the compound KCrF_ which contains two short and
5
four long Cr-F bonds; both types of distortion are thus observed.
Low-spin complexes may also show a weak distortion due to the 
Jahn-Teller effect, as the partially filled t level is electronically
degenerate. The effect is much weaker in low-spin complexes as the electrons
are less influenced by octahedral ligand fields in comparison v/ith e electrons
S>
which lie in orbitals along ligand axes.
5 8  59  i f
Reference to a Tanabe-Sugano diagram for the d configuration
■Z
(Diagram 1.2) shows that as the ligand field strength increases, the T
* O
3
component of the H term is stabilised until it becomes the ground term for the 
low-spin configuration. The spin-allowed transitions for low-spin chromium(ll) 
are complex with a group of very similar energies. Thus in the spectrum of 
low-spin chromium(II), bands resulting from these transitions, are difficult to 
resolve and in any case, with most of 'the known low-spin complexes, they are 
often obscured by charge transfer and ligand absorption bands.
Chromium(lII) has an outer electronic configuration of Jd and a 
k
ground term F. Under the influence of an octahedral field the latter splits
, . h- i f  L
to give a A ground term and tv/o terms of higher energy, T and T as
B 2g 1g,
k
DIAGRAM 1,2 Simplified Tanabe-Sugano, Diagram for a d Ion
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8b
shown in the Tanabe-Sugano Diagram (Diagram 1.3). The P term gives rise to 
h
another 'T. term under the influence of an octahedral field, and, since the1g •
if if
wave functions of the T. (P) and T„ (F) ’cerms have identical symmetry they
1g 1g
will mix, the amount of mixing being inversely proportional to the difference
i f  if  -
m  energy between the F and P levels. Thus the spin-allowed transitions are
if if if if if if
A0 — T.„ (F) and A_ — T (P).2g 2g 2g 1g 2g 1g
Experimentally, spectra of chromium(lll) compounds give two well-.
if if
defined absorption bands corresponding to the transitions A_ — T and
*-6 -^o
if if  ^ if if
A „ — Esa» T. (F). A third band due'to the transition A^ — T„ (P) is 
2g 1g - 2g 1g
often obscured by charge transfer bands at higher energy.
3Comprehensive treatments of the electronic spectra of d ions are
. 1 60,61available
1.3 MAGNETOCHEMISTEY.
As mentioned earlier, chromium(ll) can exist in high- and low-spin 
electronic configurations, to which correspond two different magnetic moments. 
For high-spin chromium(ll) complexes, a spin-only, temperature-independent 
magnetic moment of h.90BM is expected, whilst for low-spin chromium(Il) a 
higher moment than the spin-only value of 2.83BM is predicted due to incomplete 
quenching of the first order orbital contribution
For high-spin chromium(H), which has no first order orbital
contribution, a small second order orbital contribution arises due to the 
5
presence of the term at higher energy. Spin-orbit coupling ’mixes' some
of this into the ground term, introducing a certain amount of orbital angular 
momentum which opposes the spin angular momentum. The resulting deviation
963from the spin-only moment is given by:
M eff =  Vsto .n - a \  \ Equation 1.1
V 10Dq/
whereM e f f  effective or experimental magnetic m o m e n t , i s  the
spin-only magnetic moment, X is the spin-orbit coupling constant (positive for
d shells less than half-filled and negative for d shells more than half-filled;
-1 -1+58cm for high-spin.chromium(II), -113cm for low-spin chrornium(II)), 10Dq
-1
is the energy difference (cm ) between the ground term and the higher term 
being ‘mixed in', and a is a constant which relates the coupling to the symmetry 
of the term being considered; it is 2 for an E term and h for an A term.
A small increase in the spin-only moment for chromium(II) may be
caused by distortion of the electronic distribution of the ground term by an
applied field. This is represented by mixing into the ground term some of the
character of a higher excited term, which causes a lowering of the ground term
2
energy by an amount proportional to H . This effect is known as the Second
62Order Zeeman Effect (or temperature-independent paramagnetism-TIP) and is 
sometimes included in the expression relating effective and spin-only moments 
(Equation 1.1) by an additional factor Na on the right hand side of the equation.
Many chromium(II) complexes show markedly temperature-' .dependent 
and low effective magnetic moments; this is consistent with the presence of 
antiferromagnetic interaction,' and arises where the individual magnetic dipoles 
are able to influence each other, ’either because of some direct interaction if 
they are in close proximity (direct exchange), or because the intervening atoms 
are capable of transmitting the magnetic interaction (superexchange). Such 
complexes often have a dimeric or polymeric structure with a bridging anion 
such as a halide, thiocyanate or carboxylate ion.

11
•Interaction between paramagnetic ions may be described by the
equation:
A E  = 2JS.S Equation 1.2.
1 K
where J is the exchange coupling constant and S. and S. are spin vectors of
1  J K  •
the interacting ions. If the spins are parallel as a result of the interaction
then J is positive and the very high susceptibilities found in ferromagnetic
materials are produced. Conversely for non-parallel spins, J is negative
leading to antiferromagnetism. Interaction in chromium(II) compounds usually
leads to antiferromagnetic behaviour although ferromagnetic behaviour is known 
P'] LlL. f,L
1 for complexes such as I^CrCl^ (L= NPhH^, o-GH^CJgHjNK , ^
and other protonated amines).
The influence of antiferromagnetic and ferromagnetic interaction at
various temperatures on the magnetic moment or molar susceptibility, X ,
M
may be seen in Curie-V/eiss plots (Diagrams 1.4), whereP*^ (or ofterr^ ^) is
plotted against temperature. Pierre Curie first showed that the susceptibility
of many paramagnetic substances is inversely dependent on temperature and 
subsequently the Curie-V/eiss law expressed the temperature dependence of the 
susceptibility of other complexes:
■  ^ = C(T +0) Equation 1.3
where C is the Curie constant and 0 the Weiss constant.
66Several formulae have been derived to describe the magnetic
behaviour of dimeric and polymeric compounds. The following expression has 
been used for the atomic susceptibility of. a dimeric compound containing two 
high-spin chromium(ll) ions, each with a spin state S = 2:
'^'A = 3Q+l4x^+5x^ x ^  + N a Equation 1.4
'i4 _ T8 20
T 9+ 7x +5x +3x +x
jL .
where x = e ^  and K = Ng^g^/^k = 0.12-518 ,^ g being the spectroscopic splitting
12
factor (the ratio of the magnetic moment to angular momentum), J the exchange 
coupling constant and /5 the Bohr magneton (0.9270x10~^(~)erg gauss'"^).
Various studies have tried to calculate theoretical susceptibilities
67 68in agreement with experimental results ’ . Using an experimental value of
X and T, and an estimated value for J, a value of K and hence g can be 
calculated (g should be close to 2.0 for a reasonable value of J). Once values
of J and g have been obtained, values of^  can be obtained for other values of 
T and the 'fit* of the theoretical plot of/Kl^ against T matched against the 
experimental curve.
This treatment of exchange coupling in dimeric complexes has been 
extended to complexes where identical ions are in a linear chain of up to ten 
units ^  and.further to infinite linear chains ^ ' 7 0  when the expression becomes
= 0 x 1 + ii(K) . Equation 1.5
kT 1 - u(K)
/ l \  J2J
where u(K ) = coth K -^Kyand K = IcT, the symbols having the same meaning and 
comparison between theoretical and observed values being made as before. This
equation was used to calculate values of g and J.for some of the compounds
prepared in this work. •
1.4 LINKAGE ISOMERISM OF THE THIOCYANATE ION
The linear, triatomic thiocyanate ion, SCN**,- has been the topic of
considerable research due to the possibility of bonding it to a metal ion
through the nitrogen atom to give an isothiocyanato group (M-NCS), through
the sulphur atom to give a thio'cyanato group (M-SCN), or through the nitrogen
and sulphur atoms as a bridging thiocyanato group (M - f! - M and M - SCN - K);
71-79all four types are known . •
Methods used to investigate this linkage isomerism include
80 81 82 infrared and Eaman spectrojscopy , X-ray diffraction , electronic
83 8 +^ 'Ik 85 1 3spectroscopy 1 , N NMR and NOE spectroscopy and more recently C
86NMR spectroscopy . Of these, infrared spectroscopy has been by far the 
most used technique and several correlations of structure with infrared
82 87 92absorption frequencies have been made ’ . Calculated and experimental
bond lengths in KNCS and NH^NCS are compared in Table 1.1 and the following
tautomers are suggested .
N = C — S •ga-o** N = C = S «©— N — C = S 
Relative contribution 71/^  12.%
Hov;ever, the relative contribution depends very much on the nature
97-99 100 101of the metal centre , the nature of other ligands 1 and the
environment afforded by solvent or counterions ^ 2-10^
TABLE 1.1 Bond Lengths of Thiocyanate Ion.
Compound r(S-C) 2 r(C-N) X Reference
KNCS 1.69 1.15 9k
NH.NCSH 1.63 1.13 95
Calculated r(S-C) 1.81 r(C=N) 1.16 93
r(S=C) 1.61 r(C=N) 1.29
Charge distribution: S,0.^ +8; C,0.01 N,0.31 96
CHAPTER . TV/O 
Experimental Techniques
1*1
2.1 APPARATUS FOR PREPARATION OF AIR-SENSITIVE COMPOUNDS.
The preparation of compounds of chromium(ll) was discussed in
Chapter 1, in particular the need to handle such compounds in an oxygen-free
atmosphere as provided by a glove-box, Schlenk tube apparatus, or the all-glass
105apparatus used in;this work which was first described by Larkworthy and
later by Patel ^  and Yavari Subsequent modifications and improvements
16 17 21
have been reported 1 ’ , but the more relevant procedures used are
described here.
The basic nitrogen line shown in Diagram 2.1 v/as evacuated through 
A and flushed with nitrogen through B. Various types of vessel such as those 
shown in Diagram 2.2 were attached to the line at C, D or E and solvents v/ere 
deoxygenated by the passage of a stream of nitrogen through the PTFE tap at F 
and then through the solvent in the reservoir G. It was also possible to 
distil pure solvents into the apparatus at D, the top pf this reservoir, the 
whole system being compatible v/ith the Quickfit range of glassware. Solvents 
were transferred from the reservoir to apparatus connected at C by means of 
vacuum obtained by manipulation of the various taps in sequence.
The reservoirs H and J were also sometimes used as solvent traps 
when drying products under vacuum, either in a filtration unit attached at C 
or a flask attached at D.
The nitrogen used in the apparatus, already of 'white spot' purity, 
was further purified by passage through a column of deoxygenation catalyst 
type R3-11 supplied by the BASF Co. Ltd., and based on finely divided copper 
on a support with various activating agents. The column was periodically 
regenerated by the passage of a stream of hydrogen through the catalyst bed
DI
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which was- kept at 120-1^0° during this process. If necessary, the nitrogen 
was dried by passage through a column loosely packed with anhydrous magnesium 
perchlorate.
Recrystallisation of complexes was carried out in the apparatus 
shown in Diagram 2.3i the compound gradually being leached from the sinter 
with alternating careful heating v/ith a bunsen and brief cooling of the flask 
containing the recrystallising solvent. This apparatus was also used for some 
preparations where the ligand was slightly soluble in the solvent used for the 
chromium(ll) solution. .
The products, when filtered off and dried, were introduced into a 
'•pig* to which either three, four or six different storage tubes could be 
attached. Normally this allowed the collection of samples in a Gouy tube, a 
diffuse reflectance cell and four tubes for infrared studies, analyses and 
storage.
Due to the air-sensitive nature of most of the complexes prepared, 
mulls for infrared studies had to be prepared using deoxygenated mulling 
agents in a glove-bag which had previously been flushed with nitrogen five or 
six times. Generally, hexachlorobutadiene and nujol mulls were prepared, the 
latter being run between both potassium bromide and polystyrene plates over 
the appropriate wavenumber range.
The glass apparatus shown in Diagram 2.*t was used to introduce a 
single crystal into an X-ray capillary. The crystals were initially contained 
in a notched glass tube in the tube-breaking section and after breaking the 
tube, crystals were introduced into the body of the apparatus a few at a time, 
the apparatus having been flushed at least five times with nitrogen through the
17
DIAGRAM 2.2 Filtration Apparatus •
3 - TAPPED FLASK
To nitrogen line (C)
PIG
FILTER VESSEL
To nitrogen line (E)
FILTER FLASK
18
DIAGRAM 2.3 Recrystallisation Flask
Condenser
Condenser armSinter
500cm flask

20
tap A. The end of the X-ray capillary was held by plasticine inside thick- 
walled. capillary tubing sealed to a much longer glass rod. The rod was held 
in assembly 1 which was attached through the port A. A wire sealed with 
Araldite to the capillary end of a similar rod, was attached by assembly 2 to 
port B and used to pick up a crystal, the rod being moved by means of the 
sliding joint and ball joint. After the crystal had been placed in the capillary, 
the glass rod was gently tapped to shake the crystal to the bottom of the 
capillary. The crystal was observed during some of these manipulations through 
a stereoscopic microscope, the apparatus being mounted on a.light-box.
Once the crystal was in the capillary, a small fragment of wax was 
pushed into position just above the crystal by means of a very thin glass rod; 
this operation was carried out against a flow of nitrogen through the port B 
as was subsequent introduction of deoxygenated Nujol with a small syringe into 
the larger open end of the X-ray capillary. The capillary assembly was removed 
from the apparatus and:the capillary sealed in the flame of a spirit burner;
. as an added precaution the end of the capillary was dipped in molten sealing 
wax.
Solutions for the recording of spectra were prepared with a 3-tapped
apparatus (Diagram 2.5)• The complexes (about 0.2g) in notched tubes were
added to pre-weighed quantities of acetone (typically 100g), using the
-3tube-breaking side-arm, to give concentrations of about 2x10 M. These
solutions were transferred to a cuvette with attached tap under nitrogen and
-1the spectra recorded between 7000 and 29000cm
2.2 CONDUCTANCE MEASUREMENTS
Solutions of air-sensitive complexes were prepared under nitrogen in 
a deo'xygenated solvent using the apparatus shown (Diagram 2.6). The solutions
21
DIAGRAM 2.5 Three Tapped Apparatus
Swivel Joint S29
Tube-breaking side arm
22
DIAGRAM 2.6 Conductance Cell.
To Vacuum
Swivel joint S29
Electrode compartment
23
were introduced into a weighed conductance cell shown in the diagram and into 
which more deoxygenated solvent could be transferred. This enabled solutions 
with typical concentrations of 1-9x10*”'''k to be obtained, samples of which were 
run off into the cell as required through the central tap. The resistances of 
the solutions were measured at a given temperature using a Philips 034^2^9 
Resistance Bridge and conductances calculated as follows:
-1•Conductance (ft ) - 1 1
■^Solution ^Solvent
The specific conductance,K , was calculated from this using the cell 
constant of the conductance cell, which was measured using a 0.1 Demal solution 
of potassium chloride in conductivity water at 25°C.
—i
K  = Conductance x Cell constant (0.370ft~ cm)
From this the molar conductance A,, of a known concentration was
M>
calculated using the expression
Ajj = K x
where c is the molar concentration.
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DETERMINATION OF MAGNETIC SUSCEPTIBILITY
1. The Gouy Method
Measurements of magnetic susceptibility were performed on solids 
using a variable temperature Gouy balance supplied by Newport Instruments Ltd. 
With this instrument susceptibilities were measured from room temperature to 
liquid nitrogen temperature as described by Earnshaw "^6,62^
2k
In this method a uniform cylinder of the sample is suspended in a 
non-homogeneous magnetic field and through weighing the sample, the force 
exerted on it may be measured. The following equation relates molar 
susceptibility to the force exerted on a sample in a magnetic field:
X Mil ■•
M 2
mil
Xwhere M is the molar susceptibility (cgsu).
-2g is the acceleration due to gravity (982cms ).
1 is the length of the sample (cm).
M is the molecular weight, 
m is the sample weight (g).
H is the field strength (oersted).
w is the net pull on the sample on application of the
field H(g).
The apparatus consisted of a balance, weighing to five decimal 
places mounted above the sample dewar (Diagram 2.7). This was placed between 
two poles of a powerful, water-cooled electromagnet. The temperature inside 
the dewar v/as controlled to within plus or minus half a degree using a tempera­
ture programmer, temperature measurement being by means of a thermocouple 
permanently mounted in the cryostat. All measurements were performed with 
the sample suspended in a dry nitrogen atmosphere in order to eliminate any 
correction for the presence of oxygen, which is paramagnetic, and also to 
minimise errors caused by condensation of moisture or oxygen on the sample 
tube, a thin-walled, 'flat bottomed Pyrex tube of uniform cross section.
The compound was packed carefully and uniformly into the Gouy tube
62to give a cylindrical volume as required by the theory and measurements
*
made by weighing the sample tube and contents with and without the magnetic 
field. The field was calibrated with a sample of tris(l,2 -diaminoethane)
DIAGRAM 1.7 Variable Temperature Gouy Balance*
Balance case
1
Movable platform
-pV&
7
Fixed platform
US?'
Draught excluder
Liquid
nitrogen
Gaseous Tw°-way inlet 
nitrogen
Bubbler
Vacuum pump 
Magnetic shunt
Specimen
Oven 
Light source
Liquid nitrogen 
a-""level controller
Platform
5
45 Mirror
+—  Ball joint
Telescopic joint
Magnet coils
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nickel(ll) thiosulphate or mercury tetrathiocyanatocobaltate(II) (depending 
on the field to be calibrated), the susceptibilities of these two complexes 
being known. The field strength was varied by altering the current in the 
electromagnet, the current being indicated on an highly-sensitive, large 
scale ammeter to ensure reproducibility. The difference between the two 
v/eighings, the pull of the field on the tube and contents, was corrected for 
the pull on the glass tube, which in turn had been measured at different 
fields and temperatures (in all cases the pull on the tube alone was negative, 
glass being diamagnetic).
2. The Evans Method
Magnetic susceptibility in solution can be measured by the Gouy
107method but a convenient alternative is due to Evans .
The position of a resonance in the NMR spectrum of a molecule
depends on the bulk susceptibility of the solution in which the molecule is
situated. For an inert substance such as dioxan in aqueous solution, the
shifts caused by paramagnetic ions are given by the theoretical expression
A H  2AK
H = 3
108 109where AK is the change in volume susceptibility 1 . A simple method
of measuring the susceptibility of a substance in dilute solution is thus 
availa.ble.
For aqueous solutions of paramagnetic substances, about 2% of t;-butanol
is incorporated as an inert reference substance, although in this work acetone
containing y/o J:-butanol v/as used. The solution of the paramagnetic ion was
110placed in the inner of two concentric NMR tubes with the reference in 
solution in pure solvent in the outer, as shown in Diagram 2.8.
DIAGRAM 2.8 Coaxial NMR Tube.
Rubber septum
Reference solution
Closely fitting coaxial tubes
■Solution containing paramagnetic
ions
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DIAGRAM 2.9 'H NMR Spectrum of (Me^N) Cr(NCS)^ in Acetone with 3°/° _t~Butanol.
200 100 0 
_ 1 ________________________________________________  !_______  ;________________________________ I
Hz
1 Acetone methyl proton resonances and sidebands.
2 Counterion (Me^N+) methyl proton resonances.
3 t-Butanol methyl proton resonances.
4 Shifted _t-butanol methyl proton resonances (Af is 43Hz )
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1
■The H NMR.spectrum was recorded and the shifted proton resonances 
assigned (Diagram 2.9) • Two resonance lines were normally obtained from the 
methyl protons of the t-butanol, one from each solution, owing to the difference 
in their volume susceptibilities (the change in the susceptibility of the 
dissolved compound caused by the t-butanol is usually negligible), with the 
line from the solution containing the paramagnetic species lying at higher
Xfrequency. The mass susceptibility,'^, of the dissolved substance is given 
by the expression
x a c  V  (d -d ) .•V" = 3 A f / V  o o s
/ V  ----- y  — ---- —
2 7r fm + + mo
where Af is the frequency separation between the two lines (Hz)-
f. is the frequency at which the resonances were studied (60MHz)
3m is the mass of substance contained in 1cm of solution (g)
X is the mass susceptibility of the solvent
° -6 -6 111
(-0 .72x10 cgsu for water, -0.381x10 cgsu for acetone )
-3is the density of the solvent (gem ) 
d^ is the density of the solution (gem )
The mass susceptibility can be converted to molar susceptibility,
M
by multiplying X by the molecular v/eight of the paramagnetic substance. In
practice approximately 0 .03M solutions of paramagnetic compounds were
prepared and transferred under nitrogen to the coaxial NMR tube using a
syringe needle and rubber septum. The. tube was placed in the thermostatted
compartment of an Hitachi-Perkin Elmer PE2^ NMR Spectrometer and the H
spectrum recorded to 60MHz and 35°C. In all cases the spectrometer v/as locked 
1 '
to the. H acetone methyl resonance to obviate the effect of drifting of the 
resonances. Unfortunately the coaxial tube was too heavy to observe the spectrum 
at different spin rates, since the displacement of side bands depends on spin 
rate, they could have been more easily distinguished from shifted resonances.
30
2 mb PREPARATION OF AIR-SENSITIVE SALTS«
Hydrated chromium(H) salts were prepared from spectroscopic grade
chromium metal pellets and the appropriate dilute analytical grade acid as
15previously described ; quantities are given in Table 2.1.
TABLE 2.1 Preparation of Chromium(Il) Salts.
•Salt V/t of Cr pellets(g) 3Vol of oonc acid(cm )
3
Vol of water(cm )
CrCl2.AH20 
CrBr2.6H20 
CrI2.6H20 
CrSO,.5H 0
b 2
Cr(BFif)2.6H20
8.0
6.8
6.0
6.0
5.12
16 
17 
20 
11.5 
10(AC$ in H20)
36
15
10
bO
bo
The salt was sealed off in pre-weighed glass tubes for use in further preparations.
2.5 PURIFICATION OF REAGENTS AND SOLVENTS.
Solvents for use in the preparation of air-sensitive materials v/ere
*1 *12 1 *1 3carefully purified according to e s t a b l i s h e d  procedures ’ and were often 
distilled before use, occasionally directly into the apparatus. Ethanol was 
dried with magnesium iodoethoxide, distilled (bp 78°C, literature bp 78°C 
and protected with stoppered calcium chloride tubes. THF was dried over 
calcium hydride, distilled (bp 65°C, literature bp 65°C and stored, as
were most solvents, over Linde bA molecular sieve. Analytical grade reagents 
were not further purified. Ligands were purified by recrystallisation or by 
distillation if this were easily performed; dipyam (mp 92.5°C, literature
31
O  O
92 C ) was recrystallised from toluene, whilst pyridine (bp 114 C,
o 115
literature bp 113.3 C ) and some other liquid substituted pyridines were 
distilled before use.
2.6 ANALYSIS FOR CHROMIUM AND OTHER ELEMENTS.
Analyses for chromium were made by oxidation of a sample to Cr^O^ in
a furnace above 650°C or by oxidation with alkaline hydrogen peroxide to
chromate ion. In a typical analysis, the compound, (about 0.2g) was oxidised
3
with concentrated nitric and sulphuric acids (3cm each) and heated until the
3
volume of solution was reduced by a half. Water (30cm ) was carefully added
before the solution was rendered alkaline (to pH 11) with sodium hydroxide
3 3
(30cm , 30/o solution). Hydrogen peroxide (10cm , 100 vol) was added and the
solution digested for an hour at 90° to oxidise the chromium to chromate ion
before diluting to a suitable volume.
Chromate ion was determined spectrophotometrically at 370arn using an
“ 1 —1extinction coefficient of A90*f.2 mol 1cm (which had previously been 
determined using accurately measured quantities of Analar chrome alum oxidised 
in the same manner). This method was preferred due to its greater convenience 
and accuracy.
Carbon, nitrogen and hydrogen microanalyses were carried.out by the 
University of Surrey Microanalytical Unit.
CHAPTER . THREE 
Chromium(II) Thiocyanate Complexes.
32
3.1 INTRODUCTION . •• '
Although the simple isothiocyanato complexes of the later metals of
77 80the first transition series are well knov/n 1 where the complexes are of the
form [m(NCS)J2 or [m(NCS)^J^ , few investigations of chromium(ll) thiocyanates
have been reported and few mixed ligand complexes prepared. Species such as
(NH^)^ Cr(NCS)^ have been said to be present in solutions of chromium(ll)
115
chloride in amyl alcohol to which ammonium thiocyanate has been added ,
whilst the addition of potassium thiocyanate in excess to an aqueous solution
of chromium(II) chloride gives a solution where the chromium(II) has a
116magnetic moment of A.90BM . '
The dark blue, highly air-sensitive pentathiocyanate,
Na^Cr(NCS)^-J .HH^O has been isolated from a solution containing sodium
117 118 
thiocyanate in excess and its magnetic moment a^t 291K reported as A.77BM
The degree of hydration of this compound is uncertain, and an acetone adduct
20 119 ’ 
has also been prepared 1 . The infrared spectrum of the hydrate shows only
N-bonded thiocyanate; the CS stretching frequency is within the range attributed
-1to N-bonding and the CN stretching frequency below 2100cm , broad and
v asymmetric. A.possible structure is a square pyramidal arrangement of
isothiocyanato groups with the remaining octahedral position occupied by an
119aquo ligand, lattice water also being present
A complex of hexamine with the stoicheiometry CrCNCS^.RCC^-H^N^.HNCS)
21 119 has been prepared and more recently formulated as an hexaminium salt
Other tetrathiocyanate salts of substituted ammonium cations are reported in
the latter work, which contains some results included in this thesis.
Several tetrathiocyanatochromates were isolated in two forms dependent
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3^
on the experimental procedure; the complex (NBu^^CrCNCS)^ could be prepared 
in brown or blue forms and some complexes .were found as ethanolates. Most 
were antiferromagnetic with room temperature magnetic moments of 3-?8-4.69BM, 
well below the spin-only value and decreasing still further as the temperature 
was lov/ered. Evidence from electronic and infrared spectra' and magneto- 
chemical data suggests the polymeric structure shown in Diagram 3-1*
Electronic spectroscopy and conductance and magnetochemical investigations of 
tetrathiocyanates in solution are reported in this thesis.
Several dithiocyanato complexes of the type L^CrCNCS)^ are known for
21 120pyridine and substituted pyridines ’ . These exhibit antiferromagnetic
behaviour with room temperature moments of 4.25 -4.53BM and obey the Curie- 
Weiss law v/ith 0 values ranging from J>&° for CrCtu^CNCS)^ (tu = thiourea) 
to 120° for CrC^-Mepy^CNCS)^ (4-Mepy = 4-methylpyridine). Similar pyridine
O n
and methyl pyridine complexes of copper, nickel and cobalt have been reported 
and X-ray studies have shown that these complexes have a polymeric octahedral 
structure.
Attempts to prepare complexes of the type L^CrCNCS)^ (L = pyridine,
214-methylpyridine) gave the corresponding bis pyridine complexes
One aim of the present work was to prepare and investigate further 
complexes of the form L^CrCNCS)^ for pyridine and substituted pyridines where 
there might be steric- hindrance caused by a bulky group in the 2- position, 
for example with quinoline. In addition it was hoped to analyse the magnetic 
behaviour in terms of the polymeric octahedral structure (Diagram 3»^)«
,121
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3.2 EXPERIMENTAL
1. Preparation of Bis(pyridine).dithiocyanatochromium(Il) Species.
21Previous preparations of this complex did not give good analyses 
and so further preparations were attempted.
-2 3Ammonium thiocyanate (l.44g, 1.89x10 moles) in water (10cm ) v/as
-3 3added to chroraium(ll) bromide (3*02g, 9*43x10 moles), also in water (10cm ).
The resulting deep blue solution was added dropwise with shaking to a solution
—2 3
of pyridine (l.43g, 1.81x10 moles) in ethanol (13cm ). An olive green
precipitate was formed immediately; this was filtered off and washed with
aqueous ethanol (23%, 6x1Ocm ) before drying under vacuum for six hours.
Calculated for Cr(pyridine^(NCS.)^ - ^r^i2^10^V^2:
Cr 13.92, C 44.17, H 3.09, N 17.17 %
Calculated for CrCpyridine^CNCS^CH^O)^ - CrCi2H10N4S2,:
Cr 14.33, C 39.78, H 3.89, N 13.46 %
Found: Cr 16.33, C 40.20, H 2.93, N 13-71 %
In view of the fact that no bands due to OH stretching vibrations 
were visible in the infrared spectrum, and also that hydrogen sulphide was 
smelt during the preparation, the poor'analysis v/as judged to be caused by 
decomposition. Further preparations gave even worse analyses and an attempt 
was made to prepare the complex using dry ethanol as the sole solvent. This 
product had the following analysis:.'
Calculated for CrCpyridine^CNCS.)^ - 2^ 10^4^2 :
Cr 13.92, C 44.17, H 3.09, N 17.17 % 
Found: Cr 16.06, C 38.36, H 3.10, N .13.08 %
When exposed to air, the complex darkened rapidly to give a dark brown
product.
2, Preparation of- Bis(3,5-dimethylpyridine) dithiocyanatochromium(ll).
• -p
Chromium(ll) bromide hexahydrate (3*64g, 1.14x10 moles) was
-2
dissolved with ammonium thiocyanate (l.73g, 2.27x10 moles) in dry ethanol
3 '(30cm ). This was added slowly to a solution of 3,3-dimethylpyridine (2.43g,
-2 32.29x10 moles) in dry ethanol (20cm ) and gave a purple precipitate after
about two minutes. This was filtered off, washed with cold ethanol (3x10cm )
and dried under vacuum for six hours. The complex was very sensitive to
aerial oxidation, chai*ring immediately on exposure to air and could not be
weighed for microanalysis without oxidation occurring.
Calculated for CrC16H1gN/fs2 : Cr 13-58, C 30.23, H 4.74, N 14.63 %
Found: Cr 14.07, C 47.40, H 4.19, N 13*31 %
3« Preparation of Bis(3-bromopyridine) dithiocyanatochromium(Il).
-2Chromium(ll) bromide hexahydrate (3*?4g, 1.17x10 moles) was
3 „2
dissolved in dry ethanol (60cm ) with ammonium thiocyanate (l.78g, 2.34x10
moles). This solution was added slowly and with shaking to a solution of
-2 3
3-bromopyridine (3«63g, 2.34x10 moles) in dry ethanol (20cm ) to give a dark
green-grey precipitate after about twenty minutes. This was filtered off,
washed with ethanol (2x23cm ) and dried under vacuum for several hours.
Calculated for CrC^HgN^S Br : C 29*77, *H 1.67, N 11.37 %
Found: C 30.84, H 2.03, N 11.43 %
4. Preparation of Bis(3-iodopyridine) dithiocyanatochromium(ll).
_3
Chromium(II) bromide hexahydrate (l.83g, 3-7x10 moles) and ammonium
37
—2 3thiocyanate (0.869g, 1.1^x10 moles) were dissolved in dry ethanol (70cm ).
This was added dropv/ise with shaking to a solution of 3-i°d°pyridine (2.3^g,
- 2  3
1.1Ax 10 moles) in dry ethanol (20cm ). The dark grey precipitate which
3formed immediately was filtered off, washed with dry ethanol (2x10cm ) and 
dried under vacuum for four hours. When allowed to oxidise in air, the 
compound turned dark brown.
Calculated for CrC HgN^S I : Cr 8.99, 0 2^.93, H 1.39, N 9-69 %
Found: Cr 8.89, C 25.5^, H 1.78, N 9-11 %
3. Preparation of Bis(3,5-dichloropyridine) dithiocyanatochromium(ll).
_2
Chromium(ll) bromide hexahydrate (^.oOg, l.^4x10 moles) was 
3
dissolved in ethanol (80cm ) along with ammonium thiocyanate (2.19g,
_2
2.88x10 moles). The resulting deep blue solution v/as filtered and added to
_2
a solution of 3,5-dichloropyridine (^.17g, 2.88x10 moles),'again in ethanol 
3
(40cm ), to give a green solution and after two to three minutes, a green-grey 
precipitate. On leaving for a further five minutes, the precipitate turned 
blue-grey and appeared to absorb most of the solvent. It was filtered off in 
this form, washed with cold ethanol (2x10cm ) and dried under vacuum for six 
hours to give a green precipitate once again.
Calculated for CrC HgN^Cl^: C 31.05, H 1.30, N 12.07 %
Found: . C 30.73, H 1.^3, N 11.96 %
6. Preparation of Bis(iso-qunnoline) dithioc.yanatochromium(II) monohydrate.
—3Chromium(ll) bromide hexahydrate (2.71g, 8.**7x10 moles) was
-2dissolved with ammonium thiocyanate (l.29g, 1.69x10 moles) in dry ethanol 
3
(30cm ). This was added slowly and with shaking to a solution of iso-quinoline
-2 3
(2.19g, 1.70x10 moles) again in dry ethanol (20cm ). A buff coloured
precipitate separated immediately; this was filtered off, v/ashed v/ith cold
3ethanol (2x15cm') and dried under vacuum for six hours.
Calculated for CrC HlgN^S 0 Cr 11.24, C 51.94, H 3.05, N 12.11 %
Found: Cr 12.43, C 51.82, H 3-38, N 12.25 #
The presence of water was confirmed by infrared analysis which
-1showed a broad absorption at about 3450cm .
7» Attempted Preparation of Eis(quinoline) dithiocyanatochromium(II).
Chromium(ll) bromide hexahydrate (0.726g, 2.27x10 ^ moles) was 
3dissolved in ethanol (30cm ) and a solution of ammonium thiocyanate
“3 3(0.34lg, 4.47x10 moles) in ethanol (25cm ) added. A solution of quinoline
— 3 3(0.564g, 4.37x10 moles) in ethanol (10cm ) was then added to the solution,
but no colour change was observed and no precipitate appeared even after
several hours.
8. Attempted Preparation of Bis(2-chloropyridine) dithiocyanatochromium(II).
-2Chrcmium(ll) bromide hexahydrate (3*74g, 1.17x10 moles) was dissolved
-2 3with ammonium thiocyanate (l.78g, 2.34x10 moles) in dry ethanol (60cm ).
This solution was added slowly and with shaking to a solution of 2-chloropyridine
-2 3
(2.59g, 2.34x10 moles), again in dry ethanol (20cm ). No change was observed
in the intensity or colour of the solution and no precipitate formed even after
leaving overnight.
9. Preparation of Tetraalkylammonium Tetrathiocyanatochromate(II) Species.
’Preparations of the blue form and the brown form of (NBu^^OHNCS)^ 
for conductance, spectral, magnetochemical and X-ray investigations were made
39
21
as reported . Single crystals of the brown form have been loaded into X-ray 
capillaries as described in Chapter 2. No results are yet available.
3.3 RESULTS AND DISCUSSION - SUBSTITUTED PYRIDINE THIOCYANATO COMPLEXES.
1. Infrared Studies.
The infrared spectra of the pyridine and substituted pyridine
complexes of chromium(II) thiocyanate (Table 3«'l) are generally similar to
121those reported for corresponding nickel and copper complexes and other
21
chromium(TI) containing complexes . No detailed assignments of amine 
absorptions have been made.
The thiocyanate groups give rise to several absorption bands
(Table 3*2). All complexes exhibited shoulders on the higher frequency side
of bands due to CN stretching vibrations and these may be bands due to bridging
21thiocyanate which are not resolved . The position of the main CN absorption
—1band from 2078-2096cm is somewhat characteristic of N-bonded thiocyanate
however, and the NCS deformation and CS stretching vibrations are also within
-1 -1
the regions A^O-^Ocm and 760-880cm respectively, both of which are
8o
characteristic of N-bonded thiocyanate groups . Differentiation between ■
N-bonded and bridging thiocyanate is difficult and in view of previous work
21with related chromiura(ll) thiocyanate complexes , a bridged structure is 
possible. .
• -1Bands due to M-NCS stretching vibrations are found from 3^0-390cm
This region is the same as that found for other substituted pyridine complexes 
21
of chromium(II) . ■ Metal-ligand vibrations are also found in the same region 
as in the latter complexes.
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2. Diffuse Reflectance Studies.
The UV- visible spectra of some of the complexes have been recorded,
results are shown in Table 3-2 with a typical spectrum, Diagram 3*2. All
-1  -1  'spectra exhibit an intense asymmetric band from about 29000cm to 39000cm ;
this is thought to be due to charge transfer and ligand absorption bands and
21has been observed for related compounds . The complexes CrCpy^CNCS)^, 
Cr(3-Brpy)2(NCS)2, Cr(3,5-Clpy)2(NCS)2 and Cr(3,5-Mepy)2(NCS)2 have another
much less intense asymmetric band with its main absorption in the range
—  1 —11?400-l8400cm and a shoulder at lower energy, l4600-15110cm ■. It is
5 5 I 5proposed that these bands correspond to the transitions B -— e®- E . and
' o S *" 6
5 5B — A , the first two transitions overlapping.
*0 *0
R R
The separation of the E and B terms has been found by
g *-g
theoretical calculations to be of the order of 2000cm a.nd that of the
^B^^ and ^ A ^  terms 6500cm  ^ ^5^6,A9,50i5^^ Thus it is unlikely that the
5 5 5 5B — B and B. — E transitions will be resolved. The spectra are
Ig £-g ig g
similar to those observed for the complexes CrCpy^NCS)^, Cr(2-Mepy)2(NCS)2 , 
Cr(3-Mepy)2(NCS)2 and Cr(^-Mepy)2(NCS)2 .
The complex Cr(iso-quin)2(NCS)2..H20 exhibits a spectrum rather
different from the other complexes. There is a very broad band across the
• —1 whole of the visible region with its■maximum at about 38800cm . Superimposed
—  1on this band are several other bands including one at 22420cm and another
—  1weaker band at 14620cm . It is again thought that the very broad absorption
band is due to charge transfer ana ligand absorption bands, but that the last
5 5 5 5two bands correspond to the combined B„ — B^ and B„ — Es® E
2g 1g g
R R
transitions and the B^^— -®2®1 A transitions respectively.
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TABLE 3«3 Magnetic Susceptibility Data for CrCpy^CNCS)^.
i—
-100
Molecular v/eight 326.324
T(K) ^ Ax106(cgsu) ' ^ A“1x102 y- eff (BM)
293-3 3626 1.778 3.63
262.7 6264 1.396 3.63
234.3 6733 1.481 3.56
198.3 • 7733 1.290 3.31
166.3 8797 1.137 3-42'
133.7 10160 0.9844 3.32
io4.o 12060 0.8292 3.17
89.3 12990 0.7697 3.03
-6 oDiamagnetic correction -161x10 cgsu Weiss constant 63
DIAGRAM 3.3 Temperature Dependence of Susceptibility and Magnetic Moment.
cgsuA
eff(BM)1.0
0 100 200 300
T(K)
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TABLE 3.4 Magnetic Susceptibility Data for CrO^-Mepy^CNCS)^.
T(K)
'V' 6 
'"^x10 (cgsu) ,X . " 1x102A /*eff(BM)
293-3 8454 1.183 4.46
234.5 10390 0.9624 4.36
166.3 13320 0.7310 4.19
*133-7
104.0
13230
17930
0.6564
0.5571
4.03
3-74
89-3 18630 0.5363 3.61
Diamagnetic correction -208x10 ^cgsu Weiss constant 73°
DIAGRAM 3 A  Temperature Dependence of Susceptibility and Magnetic Moment.
2.0 Cr(3,5-Mepy) (NCS)
* •'^ C/'x102cgsu
1.0
Calculated for J
200-100 1000
TABLE 3-5 Magnetic Susceptibility Data for CrO-Brpy^CNCS)
T(K) <^Ax106(cgsu) X ^ x l O 2 M e f f i m )
293-5 7525 .1.329 4.20
262.3 8261 1.211' 4.16
230.2 9044 1.111 4.08
198.3 10190 O.9809 4.02
166.5 ' 11500 0.8699 3-91
135-7 13120 0.7623 3-77
104.0 15400 0.6495 3.58
89.5 16240 O.6158 3.41
Diamagnetic.correction -216x10 ^cgsu V/eiss constant 81°
DIAGRAM 3-5 Temperature Dependence of Susceptibility and Magnetic Moment.
2.0 n Cr(3-Brpy) (NCS)
x10 cgsu
Calculated for J=9-00cm~^,g=1.96
0 100 200
T(K)
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TABLE 3*6 Magnetic Susceptibility Data for Cr(355-01py) (NCS) .
2 2
T(K) ^ ^ x  10^ (cgsu) 1x102 ^eff(BM)
293.5 8219 1.217 4.39
262.7 9059 1.104 4.36
230.3 10040 0.9962 4.30
198.3- 11360 0.8801 4.24
166.5 12990 0.7701 4.16
135.7 14770 0.6771 4.00
104.0 17860 0.5601 3.85
89.5 19750 0.5062 3.76
Diamagnetic correction -229x10 cgsu Weiss Constant 58°
DIAGRAM 3,6 Temperature Dependence of Susceptibility and Magnetic Moment,
Cr(3,5-Clpy)_(NCS)2.0 ^
-1 2x10 cgsu
Calculated for J=,6.8cm , g=1»99
-100 0 100 200 300
T(K)
kS
TABLE 3*7 Magnetic Susceptibility Data for CrCiso-quin^CNCS^.H 0.
T(K) '^C^xlO^Ccgsu) 'x102 ^eff(BM)
293-5 8082 1.237 ^.37
262.3 8738 1.14A- A.29
230.2 9769 1.02^ k . 2 k
198.3 10750 0.9306- 4.13
166.5 12100 0.8260 k.Crt
135.7 13^30 0.7^5 3-81
10^.0 • 13060 0.66*12 3-5^
89.5 15180 O.6586 3.31
Diamagnetic correction -250x10 cgsu Weiss constant 96°
DIAGRAM 3«7 Temperature Dependence of Susceptibility and Magnetic Moment.
2.0 Cr(iso-quin) (NCS) .H 0
■©-
_"| 2
:x , x10 cgsu
1.0
Calculated for J=8 .6cm , g=2.00
100-100 0 200
T(K)
3- Magnetochemistry.
Magnetochemical data for the complexes Cr(py)2(NCS)2 ,
Cr(3,5-M:epy)2(NCS) , Cr(3-Brpy)2(NCS)2 , Cr(3,5-Clpy)2(NCS)2 and
Cr(is.o-quin) (NCS)2 .H20 are given in Tables 3-3~3-7 and Diagrams 3-3-3-7-
All the complexes show antiferromagnetic behaviour similar to other
21 'chromium(II)'substituted pyridine thiocyanate complexes . The antiferro­
magnetism obeys the expression (Equation 1.3) for a linear polymer and the 
g and J values have been calculated (Table 3-8).
TABLE 3-8 J and g Values for the Antiferromagnetic Interaction in Substituted
Pyridine Complexes.
Complex J(cm~T) g
Cr(3,3-Hepy)2(NCS)2 6.6 2.00
Cr(3-Brpy)2(NCS)2 9.0 1.96
Cr(3,5-Clpy)2(NCS)2 6.8 1-99
Cr(iso-quin)2(NCS)2.H20 8.6 2.00
—  1These values are similar.to the values of J - 7-3cm and g = 2.08
21previously calculated for the complex-Cr(2-Mepy)2(NCS)2 . The data for the
complex Cr(py)2(NCS)2 could not be fitted satisfactorily for realistic values
-1of J and g (J = 5-13cm , g = 1.93-2.10; values previously obtained for this •
type of complex), even if the molecular formula was changed to include water. 
It is suggested that this may not be because the complex is not linked in a 
linear chain, but because decomposition has occurred and the analysis is 
unsatisfactory. .
50
3.^ RESULTS AND DISCUSSION - TETRAALKYLAMMONIUH TE T RA TH10 C Y AN A TE S.
1. Solution Spectra. ■ ‘
The solution spectra of a number of tetraalkylammonium
tetrathiocyanatochromate(ll) salts were recorded (Table 3-9) as described in
Chapter 2. Without exception they consist of a broad asymmetric absorption
-1
band between about 165OO and 18000cm with a molar absorption coefficient
—1 —1in the range 50-80 mol 1cm . The absorbing species is probably the same 
in all cases, presumably [ c r ( N C S ) u n i t s  with axially coordinated solvent 
molecules. The molar absorption coefficients are known to about 10% accuracy 
because of the diffi.culties in handling these air-sensitive solutions but are 
of the order found for six coordinate chromium(II) complexes, for example,
the complex “[crCdien)^] (dien = diethylenetriamine) has been found to have
-1 -1 122. a molar absorption coefficient of 19 mol 1cm
2.Magnetic Measurements in Solution.
Dissolved in acetone at 308K, the complexes (Me^lO^CrCNCS)^ and both 
' red and blue forms of the complex (Bu^N^CrCNCS)^ gave high-spin magnetic
moments (Table 3-10) by the Evans method.(Chapter 2). These moments are close 
to the spin-only value of 4.90BM so the,, antiferromagnetic interaction present 
in the solid state is removed in solution.
The magnetic moments obtained for the two (Bu.N) Cr(NCS), complexes
^ 2 k
are 3-5$ higher than *+.90BM, but they are within the limits of experimental
error (the Evans method applied to non air-sensitive compounds gives results
107with errors in the range 0.6 - 7 ,0 % ).
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TABLE 3,10 Calculation of Magnetic Moments in Solution,
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(Mez+N)2Cr(NCS)if- (BulfN)2Cr(NCS)Zf
red
(BuZfN)2Cr(NCS)/f‘
Blue
Af (Hz) 45 41 44
f (MHz) 60 60 60
m (g) i.6oxio~2 2.35x10”2 1.97x10~2
cgsu - acetone
r
-0.581x10 -0.581x10“6 -0.581x10"6
d (gem 3)
o 0.7899 0.7899 0.7899
d (gem 3 )  
s 0.8059 0.8133 0.8097
Molecular weight 432.62 769.28 769.28
(cssu) 9550x10"6
c
10680x10 10420x10"6
Diamagnetic correction 
(cgsu)
-,254.10~6
6
-538x10 -538x1o"6
X / .  (cgsu) 
A
9784x10"6 11218x10“6 10958x10“^
U  (BM) 
eff
4.79 5.13 5.07
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3« Conductance Measurements.
Conductances of some tetraalkylammonium salts in acetone were 
measured (Table '$. '] ']) a.s described in Chapter 2 and, for comparison, the 
conductance of the complex (Et^N^CotNCS)^ was measured. The molar 
conductances of the tetrathiocyanatochromates are appreciably higher than those 
of corresponding tetraalkylammonium iodides but comparison with known 1:2 and 
1:3 electrolytes was frustrated by.problems with solubility in acetone.
_ 3-5 CONCLUSION. ‘
From the evidence presented earlier, the. polymeric structure 
proposed for substituted pyridine - chromium(ll) thiocyanates seems likely 
(Diagram 3*8) and it is clear that complexes of substituted pyridines (or of 
quinoline) where there are bulky groups in the 2- position, do not form 
readily due to steric effects. The composition of the pyridine complex is 
still doubtful and it seems that the complex is very sensitive to the presence 
of water or oxygen. The use of alternative solvents such as THF may facilitate 
the preparation although other problems are exacerbated'with grease-stripping 
solvents.
CHAPTER FOUR 
Chromium(ll) Complexes of 2,2'-Dipyridylamine
56
INTRODUCTION
4 o 3 1Low-spin (t„ e ‘ ) and high-spin (t0 c ) chromium(ll) complexes 
*— S S> g
are known, but according to ligand-field theory, and as first proposed by 
93Pauling , there should exist a situation in which both electronic 
configurations are almost equally favourable. The Tanabe-Sugano diagram for
hthe d configuration in an octahedral field (see Chapter 1) shows that there
is a value of the field strength, above which the ground term changes from 
5 3 58E to T„ . Y/ith a field strength close to the crossover va3.ue,II so 
g 3g
that the difference in energy between the spin states is of the order of 
thermal energy, both spin states should exist in equilibrium.
Previous attempts to prepare chromium(ll) complexes v/hich would
120
exhibit spin-spin equilibria have not been successful . This behaviour 
has, however, been reported for octahedral complexes of metal ions containing 
d^, d^ and d*^  electronic configurations and reviewed in detail for iron(II) .
For a spin-spin equilibrium to exist, • '
10Dq . ' . < n < 10Dq .uiigh-spm tLow-spm
Unfortunately, direct evaluation of either of the crystal field splitting
energies, 10DqTT. , . or 10DqT . , from the electronic spectra of iron(Il)D ’ ^lgh-spm nLow-spm *
crossover systems is generally not possible, because the d-d transitions are
often obscured by charge-transfer absorptions. However, it has been
established that a relationship exists between .10Dq for nickel(ll) and the
127 128spin-state of the related iron(ll) complex ’ and a range of 10Dq of 
11600 - 13 +^OOcm ' has been suggested, v/ithin v/hich the critical value of the 
crossover should lie. For chromium(II) the range of 10Dq for the crossover is 
predicted at slightly higher energy from comparison of chromium(H) spectral 
data and Tanabe-Sugano diagrams.
Most chromium(II) complexes, for example the ammines, are high-spin
«| .-j yj ^
but the low-spin complexes K^Cr(CN)gJ , tris and bis amine complexes of
the nitrogen heterocycles 2 ,2 V-bipyridyl (bipy) and 1,10.- phenanthroline 
"120 129 131
(phen) 1 including the iodides CrCbipy)^^ an^ the bis complex
132Cr(terpy^I^H^O (terpy = 2,2’,6 ',2n-terpyridyl) , and the diarsine 
133complexes have been reported. It is therefore necessary to choose
weaker field.ligands than the heterocycles, but stronger field ligands than
ammonia. The ligand 2,2'-dipyridylamine (dipyam) is slightly different from
these nitrogen heterocycles in that the 2-pyridyl group is non-conjugated,
13^ 135and it is likely that the ligand field strength is v/eaker .
Although dipyam is potentially tribasic, there is no evidence to
show that the.)>NH group possesses basic properties or is coordinated in any
of the known complexes, but coordinated dipyam is easily deprotonated to give
136 137polymeric materials with bridging through this group . Qualitative
attempts have been made to establish a spectrochemical series of ' ir -acidity1 
for some chelating ligands through comparison of the infrared spectra of 
£Mo(chelate)(CO)^J , and the order dipyam < . bipy ~  phen has been established 
In view of this weaker ligand field it was considered worthwhile to attempt 
syntheses of chromium(ll) complexes of dipyam in the hope that a crossover 
situation v/ould be found.
EXPERIMENTAL
1. Preparation of DichlorobisC^^’-dipyridylamine) chromium(ll) Monohydrate.
_rz
Chromium(II) chloride tetrahydrate (l.62g, 8.31 x 10 moles) was
dissolved in dry ethanol (80cm ) The resulting blue solution was added
-2slowly and with shaking to dipyam (3*56g, 2.08 x 10 moles), also dissolved 
in dry ethanol (30cm5), a 25% excess of ligand.
A light-brown precipitate was formed immediately, this was filtered
3off, washed with ethanol (50cm ) and dried under vacuum for six hours.
Calculated for CrC2oH20N6C120: C if9•70, H if‘17, N %
Found: C >9-33, H 4.26, N 15*69 %
2. Preparation of Dichlorobis(2,2,-dipyridylamine) chromium(ll)_Ethanolate.
_2
Chromium(ll) chloride tetrahydrate (2*72g, 1.40x10 moles) was
dissolved in dry ethanol (80cm ) and added slowly and with shaking to a solution
—  1 3
of dipyam (5*98g, 3*50x10 moles - a 25% excess) in acetone (40cm ). A brown
solution was formed initially but later gave a light-brov/n precipitate which
3
was filtered off, washed with acetone (2x15cm ) and dried under vacuum for 
about six hours.
Calculated for CKLJ^.N-Cl 0: C 51*67, H 4.73, N 16.43 %22 24 6 2
Found: C 50.74, H 4.42, N 16.45 %
Both this and the preceding hydrate darkened in air until orange over 
about five minutes.
3- Preparation of Dibromobis(2,2’-dipyridylamine) chromium(ll).
Chromium(ll) bromide hexahydrate (2.47g, 7*72x10 moles) was dissolved
3
in a mixture of freshly distilled 2,2-dimethoxypropane (30cm ) and dry ethanol
3 . .
(60cm ) added dropwise and with shaking to a 25% excess of dipyam
-2 3
(3*30g, 1.93x10 moles) in the same solvent mixture (50cm ). The light-brown
precipitate which formed immediately was filtered off, washed with ethanol
3 o(3x10cm ) and dried under vacuum for six hours, the last two at 60 C.
59
When exposed to air, the compound turned to an orange-brown colour 
after about twenty minutes.
Calculated for CrC H gNgBr^ Cr 9*58, C 43-34, H.3.27,'N' 15,16 %
Found: C 43-30, H 3*35, N 14-59 %
In an earlier preparation, 2,2-dimethoxypropane was omitted and the 
compound was dried at room temperature only.
Found: Cr.8.91, C-43.01, H 3.42, N 14.38 %
4. Preparation of Bis(2,2t-dipyridylamine) diiodochromium(Il).
_3
Chromium(II) iodide hexahydrate (2.8lg, 6.79x10 moles) was dissolved
in dry ethanol (40cm^) and added slowly and with shaking to a solution of
-2 3dipyam (2.32g, 1.36 x 10 moles), again in ethanol (20cm ). A tan coloured
precipitate was formed immediately; this was filtered off, washed with 
3
ethanol (2x10cm ) and dried for six hours under vacuum. The compound turned 
a dark orange-brown colour when allowed to oxidise in air.
Calculated for : Cr 8‘02’ C57*°5 ’ H 2-8°’ N 1 2 . 9 6 %
Found: Cr 8.94,'C36.5O, H 3.10, N 11.88.%
5. Attempted Preparation of Bis(2,21-dipyridylamine) diisothiocyanatochromium(II)
Several attempts have been made to prepare this complex but with
-3little success. Chromium(ll) bromide hexahydrate (2.08g, 6.05x10 moles) was
3 3dissolved in a mixture of 2 ,2-dimethoxypropane (3Qcm) and dry ethanol (60cm )
-2 3
as was ammonium thiocyanate (0.99g, 1-30x10 moles, 50cm total). The two 
solutions were mixed to give the deep blue colour characteristic of chromium(II) 
thiocyanate solutions.
6o
The solution was added slowly with shaking to dipyam (2.79g,
-2 31.63x10 moles), in 23$ excess/ dissolved in the same solvent mixture (30cm ).
The maroon-brown precipitate which formed almost immediately was washed v/ith 
3
ethanol (3x15cm ) and dried under vacuum for six hours.
Calculated for CrC22Hi8N8S2 : CP 10’18, C 51-75, H 3.55,. N 21.95 %
Found: Cr 9-19, C 45.68, H 3.71, N 16.92 %
A similar preparation was performed but omitting 2,2-dimethoxypropane.
Found: C 46.91, H 4.03, N 16.37 %
In view of the starting materials and the method used to prepare
these thiocyanate complexes, each complex v/as tested for the presence of
bromide (the dibromobis(dipyam) chromium(ll) complex is also highly insoluble).
A small amount of the oxidised thiocyanate complex (~0.2g) was warmed with a
3
mixture of concentrated nitric and sulphuric acids (2.5cm of each), in order
3
to oxidise the thiocyanate ion. Dilute silver nitrate solution (0.1M,~0.2cm ) 
was added dropwise to the resulting red solution and immediately gave a small 
amount of a cream precipitate. It is concluded that the thiocyanate complexes 
were contaminated with a bromide complex; this would explain the analytical 
data.
Another attempted preparation of this complex appeared to give a mono
complex, 2,2’-dipyridylaminedithiocyanatochromium(II). A solution of
chromium(ll) thiocyanate was prepared by mixing solutions of chromium(II)
-2
chloride tetrahydrate (2.92g, 1.50x10 moles) and potassium thiocyanate
_2 3
(3*0g, 5-09x10 moles), each in a mixture of ethanol (25cm ) and
3
2,2 -dimethoxypropane (2cm ). The solution v/as filtered to remove precipitated
potassium chloride and added slowly and v/ith shaking to dipyam
_2 3n
(5-12g, 2.99x10 moles) in a mixture of acetone (75cm ) and 2,2 -dimethoxypropane
5(5cm ). A brown solution was formed but later gave a khaki-brown precipitate
3
After filtration, the precipitate was washed with acetone (2x15cm ) and 
dried under vacuum for six hours, the last two at 50°C.
Calculated for CrC H N S :. Cr 15-52, c 42.47, H 2.67, N 20.64 %
12 y 5 2
Found: Cr 15.60, C 43.55, H '5.44, N 17.55 %
Due to the presence of the bromide complex in the bis(dipyam) 
thiocyanate, the mono complex was tested for the presence of chloride using 
the same method and with similar results. In this case the presence of 
chloride has the effect of decreasing the molecular weight on v/hich the 
analyses are based and could account for the observed differences. Another 
problem encountered with preparation of these complexes was reduction of 
thiocyanate to hydrogen sulphide which could be detected coming from the 
apparatus.
6. Preparation of Diisocyanato (2,2l-dipyridylamine) chromium(Il) Monohydrate,
Chromium(Il) bromide hexahydrate (3-l8g, 9*94x10 moles) was
dissolved in aqueous ethanol (40%, 80cm ). To this was added sodium cyanate 
-2(l.29g, 1.98x10 moles) to give a deep blue solution and a white precipitate
of sodium bromide. The solution was filtered slowly and with shaking into a
—2 • *• 3
solution of dipyam (4.25g, 2.64x10 moles) a 25% excess, in ethanol (40cm ).
A blue-grey microcrystalline precipitate appeared aft,er some three or four
3
minutes; this-was filtered off, washed v/ith ethanol (2x20cm ) and dried under
vacuum for five hours. ^
Calculated for C r C^H^N O : Cr 15-99, C 44.51, H 5.41, N 21.55 %12 1 1 5 5
Found: Cr 15.85, C 44.55, H 5.06, N 21.09 %
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7. Preparation of Bisaquo(2,2t-dipyridylamine) chromium(II) Sulphate.
-2Chromium(ll) sulphate pentahydrate (3-02g, 1.27x10 moles) was
3 -2dissolved in water (70cm ) and a solution of dipyam (2.07g, 1.21x10 moles)
3
in ethanol' (60cm ) added slowly and with shaking to give a light-green
3precipitate. This was filtered off, washed with ethanol (10cm ) and dried 
under vacuum-for eight hours.
Calculated for CrC.nH J  SO,: Cr 14.63, C 33-80, H 3.69, N 11.83 %
10 13 3 0
Found: Cr 13-00, C 3^-00, H 3-70, N 11.79 %
An earlier attempt to prepare a bis(dipyam) complex gave the mono
complex.
8. Attempted Preparation of Bisaquo(2,2!-dipyridylamine)chromium(ll)
Ditetrafluoroborate.
Chromium(ll) tetrafluoroborate hexahydrate (prepared using 3-08g of
chromium pellets as detailed in Chapter 2) was dissolved in dry ethanol
(80cm^) and a solution of dipyam (3-00g) in ethanol (^fOcm^ ) added slowly and
with shaking (as the amount of the chromium salt was only known very roughly,
a deficiency of dipyam was used). After some minutes, a fine green
precipitate appeared from the turquoise solution. This was filtered off,
3
washed with ethanol (10cm ) and dried under vacuum for six hours.
Calculated for C r C ^ H ^ N ^ F g O ^  C r c  2 7 .6 8 ,  H 3.23, N 9.69#
Found: • Cr 13-99, C 32.22, H J>.bb, N 11.31#
Closer agreement is found if the analysis is recalculated for 
Cr(dipyam)(H O^FBF^.
Calculated for CrC H N BF 0 : Cr 1*f.2*f, C 32.90, H 3.39, N 11.31#
i u  13 3  3  2  .
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The product from this preparation was not air-stable, the green 
powder turned dark brown after one to tv/o hours exposure to air.
4.3 RESULTS AND DISCUSSION.
The complexes were investigated and characterised using infrared 
and diffuse reflectance spectroscopy and by measurement of their magnetic 
properties. Unfortunately, several have analyses v/hich are somewhat 
unsatisfactory; the thiocyanates in particular have been shown to be 
contaminated with alternative products from the chromium salt used as a 
starting material and the tetrafluoroborate complex v/as not investigated fully.
1. Infrared Studies.
The infrared spectra of the complexes were recorded over the range 
—14000-200cm . Bands due to ligand vibrations (Table 4.1) appear to be more
complex than in the free ligand, many being split and some displaced on 
chelation as might be expected.
Bands have been assigned as follows:
1. NH stretches. The'wavenumbers of the NH stretching vibrations at
3260 and 3180cm are expected to be changed on coordination as the electronic
139distribution of the pyridine rings changes . These bands, which are quite 
distinct in the free ligand, are each split into tv/o components at about 3280 
and 3236cm and 3180 and 3123cm respectively, and became broadened and much 
less distinct for all of the complexes.
2. Aromatic CH stretches. The bands corresponding to CH stretching
6k
-1vibrations occur in the range 3100-3000cm • The positions of these bands are
little changed by chelation and all of the bands are relatively indistinct.
5. CC and CN skeletal stretching vibrations. The change in electron
distribution in a ligand such as dipyam when it becomes coordinated is expected
to affect the position of bands corresponding to CC and CN skeletal stretching
—1
vibrations. ‘Bands present at about 159&, 1531? 1^1 and 1^21cra in the free
-1ligand are lowered by up to 16cm in most of the complexes although in the
mono complexes Cr(dipyam) SO^.211^ 0 and Cr(dipyam)(NCO^.H^O none of these
bands is shifted appreciably. In all of the complexes the band at 1^8^ 011 is
—'Ishifted slightly to 1^90cm
Bands due to the CN stretching vibrations of the bridging NH group
-1are broadened by coordination and shifted,' the band at 1350cm in the
-1 -1spectrum of dipyam is increased to 1360-1370cm and that at 1318cm is
-1broadened, weakened and shifted by a few cm to lower energy.
—  1k . NH bending vibrations. In all of the complexes the band at 1603cm
-1
in the free ligand, due to NH bending vibrations, is increased to l630-l650cm
140
This shift has also been observed for cobalt(II) and cobalt(III) complexes 
and the bending vibration is thought to be lower in the free ligand due to 
intermolecular hydrogen bonding (it has:a dimeric structure in the solid state).
5» In plane CH bending vibrations. The positions of bands due to in 
plane CH bending vibrations are changed little by coordination although the 
bands are often obscured by anion vibrations. ’
, 139
6. Bing breathing vibrations. Bands due to these vibrations are
—  i
changed in their position on coordination, that at 996cm is shifted to
65
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TABLE. 4.1A Infrared Spectra of 2,2,-Dipyridylamine Complexes(cm ).
Assignment Dipyam Cr(dipyam)2C1 Cr (dipyai^Br Cr(dipyam) I
NH stretch 3286w 3278w 3268w
3260w 3238w 3230w 3236w
3180w 3178w 3174w 3180w
3097w 3125w 3125w 3126w
CH stretch 3068w 3060w 3060w 30?8w
3045w 3030w 3030w 3080w /
3021w 3000w 301 Ow 301 Ow
CC skeletal stretch 1618s 1614s 1611m 1612m
1596s 1594s 1592m
1568s 1578s 1584s 1580m •
1531s 1528s 1528s 1524w
1484s 1490s 1490m 1490m
146 6s 1479s 1479s 1473s
1441s 1430s 1431s 1430m
1421s 1416s i4i7w 1412W
NH bend 1603m 1645s 1640s 1633s
CN stretch 1350s 1370s 1371m 1367m
1318s 1311w,br 1310w,br 1308w vbr
In plane CH bend 1276w 1271w 1268w 1268w
1236w 1238m 1237m 1233w
1166w 1168m 1168w 1167w
1142m 1158m 1153w 1154w
1093w 1077w'
1052w 1056w 1058w 1053w
Ring breathing 996w 1014m 1015w . 1014w
989w 970w
Out of plane CH bend 760s 770s 772m 781m
750s 750s 740w 739w
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TABLE 4.1-6 Infrared Spectra of 2,21-Dipyridylamine Complexes (cm ).
Assignment Cr(dipyam)(NCS Cr(dipyam)^ (NCS) ^ Cr (dipyam)S0^.2H^0 Cr(dipyam) (NCO^H^O
NH stretch 3280w
3238v/
3190w,br
3128w
3278w
323OW
3191v/,br
3126w
3280w,br 
3270V/ 
3’195w i'br 
3150w
3258w
3220w
3155w
3120w
CH stretch '3063V/ 3069w 
3038w 
3012w
3090w
3040w
3055w
CC
skeletal
stretch
1611m 
1386m 
1362s . 
1323w 
1 490w 
1468s 
1436m 
l4l8w
1613s *
1382s
1564s
1521m
1490s
1460s
1434s
1415m
1606m
1588m
1563s
1539m
1491s
1478m
l440m
1620m 
• 1580s 
1565m 
1535m 
1495s 
1480s 
1439s 
1422m
NH bend 1642m 1632s 1650m ,br 1649m
CN stretch 1360v/,br
1313w,br
1363m
1315w,br
1364w,br 1365m . 
1316m .
In plane 
CH bend
1270w
1236m
1160m 
1030w,br
1268w
1236m
1161m
1090w,br
1050w,br-
1277w
1236v/
1170m
1078m
1064m
1272w 
1237m 
1168m 
1160m
1058w
Bing
breathing
1016m 1014m 1010w 10l8m
965v/
Out of 
plane CH 
bend
738s
740w,br
768s
738w,br
761s 770s
747m
—  1 ■ —  ”1 around 1014cm and that at 989crn becqmes rather indistinct,
7» Out of plane CH bending vibrations. Bands due to out of plane. CH
_1
bend are shifted to higher energy on coordination; the band at y60cm is
-1 -1 -1increased to around 770cm and that at 730cm to 7^0cm
These assignments for ligand vibrations are essentially similar to
•  ^40-1 42
those reported for cobalt(Il), cobalt(lll) and other dipyam complexes.
It is clear that coordination is through the heterocyclic nitrogen atoms and
not through the amine nitrogen; this is also true of all other complexes of
134dipyam so far reported . A  trans-configuration is favoured .by the presence 
of Jahn-Teller distortion in chromium(II) complexes and this structure is 
proposed for the bis complexes although there is not a series of compounds of 
known structure with which to compare the spectra.
Some information as to the structure of these complexes was obtained 
by assignment of bands due to ligands other than dipyam (Tables 4.2,4.3,^.*0.
In the spectra of the bis(dipyam)halide complexes, bands due to
ligand vibrations are observed down to about 280cm and no metal-halide
vibrations are obvious. A cis - configuration could be expected to give rise
to two M-X stretching vibrations and the trans-configuration (which is
proposed) only one. If the halide were ‘to be bridging, then the frequencies
143of bands arising from M-X stretching -/vibrations are generally decreased 
but, unfortunately, none of these types can be distinguished.
The mono and bis(dipyam) thiocyanate complexes have similar 
thio.cyanate absorption bands. It is widely considered that the CN stretching 
vibrations of thiocyanato, isothiocyanato and bridging thiocyanate groups
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have overlapping frequency ranges (bonding isomerism was discussed in 
Chapter 1), but that the shape of this absorption band and the frequencies of 
CS stretching vibrations and NCS deformations can be useful in identification 
of one or more of these bonding types.
The CN stretching absorption is strong and broad for both complexes;
this is consistent with the presence of N-bonded isothiocyanato groups. The
-1CS stretching vibrations, split into two bands at about 870 and 840 cm are
8o
somewhat characteristic of bridging thiocyanate , whilst the NCS deformation
— 1bands at around 480 and 440cm are also characteristic of bridging thiocyanate 
(see Table 4.2).
The possibility of linkage isomerism also arises with the cyanate
complex CrCdipyam)(NCO^.H^O, the first known chromium(II) cyanate complex.
This has absorption bands due to cyanate (Table 4.3) at 2218, 2180, 1316, 1202,
—1
646, 6o8, 372 and 342cm . Cyanate is a linear triatomic ion similar to • .
-1thiocyanate and has two stretching vibrations, CN stretch at 2163cm and CO
- ' I ■
stretch at 1203cm . . In addition, there are two doubly degenerate
-1
deformations at 635 ai*d 628cm . Fermi resonance causes mixing of 28 (NCO)
and y(C0) and the CO stretching vibration often appears higher, typically at
-1 145-1471330cm
Despite the possibility of linkage isomerism with cyanate, only N-bonded
•• , r ' ^ 6  147
cyanato groups have been found to date ’ . Few studies have been performed
with mixed ligand isocyanate complexes, although complexes of the type 
M(2L)(NC0)2 (M=Fd;^^, Pt^; L=py, 2- or 3-MeWj 2L=bipy, phen) have been 
prepared and several investigations of [m(MCO).] and [ii(NCO)^] *" species
1 Aft 146
have been conducted
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The splitting of the band due to the CN stretching vibration in the
spectrum of the dipyam isocyanate complex may indicate a bridging cyanate
-1group, and there is a sharp band at 435cm which is thought to be due to an 
M-0 stretching vibration of the aquo ligand. Metal-oxygen stretching
■ 1 4 8vibrations have been observed m  this region for other complexes but it is 
possible that this band is a shifted ligand vibration.
Whether sulphate groups are ionic, monodentate or bidentate can be
determined from the number and relative intensities of bands in the region 
-1950-1200cm . Some amine absorptions occur in this region but the presence of
four strong and fairly distinct bands above 1000cm is consistent with the
148presence of a bidentate sulphato group , and as the highest band is at 
-11171cm it is likely to be bridging; non bridging bidentate sulphato groups
-1 143have their highest frequency band in the region of 1210-1220cm . It is
difficult to assign any bands in the spectrum as being due to coordinated water
as there are so many ligand absorptions although some OH stretching vibrations
-1
are evident above 3200cm .
2. Diffuse Reflectance Spectra.
153-156The UV- visible spectra of pyridylamines have been investigated
and 2,21-dipyridylamine gives two bands at 31790 and 37650cra"*^  156^ These
155bands are split on protonation or complexation v/ith metal ions; for
1 56example the bis complex with copper(ll), C n ( d i p y a m 1 has a shoulder 
at 33760cm  ^ (shifted from 31790cm and the band at 37650crrf^  is shifted to
40000cm . Similar.splittings and shifts are observed for the bis dipyam 
halide complexes prepared in this work, although as with most chromium(Il) and 
other metal complexes with heterocyclic N-donor ligands, charge transfer bands 
are prominent (Diagrams 4.1, 4.2).
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In the spectra of the mono complexes Cr(dipyamKNCO^.H 0,
Cr(dipyam)(NCS)^ and Cr ( dipyam )SO^. 21^ 0, several bands are apparent at lower
frequencies as was observed in diffuse reflectance spectra of the complexes
Cr(bipy)X2 (X = Cl,Br) and .CrCphe^X^.H^O (X = Cl,Br).. In the bipy and phen
—1 —1complexes, bands at about lA-OOOcm and 11000cm are assigned to overlapping.
5 5 5 5 5 16B *■*-©*• E and B_ transitions and the B.— s** transition respectively ,
1g g . 2g . . 1g 1g
assuming a highly distorted octahedral configuration. These complexes have 
similar room temperature magnetic moments corresponding to high-spin chromium(ll) 
and similar transitions are assigned (Table A.3) for the bands observed in the 
spectra of the three mono dipyam complexes prepared in this work.
Due to the unsatisfactory analysis of the complex Cr(dipyamijCNCS)^, 
the diffuse reflectance spectrumwas not investigated.
3>. Magnetic Susceptibility Measurements.
The temperature-dependent magnetic susceptibilities and experimental 
magnetic moments of the complexes over the range 90- 295%- are given in 
Tables A.6-A.12.
Two types of magnetic behaviour-are shown by the complexes, all of 
which contain high-spin chromiurn(II). . The. bis complexes, CrCdipyam^^
(X=Cl,Br,l) and the mono complex Crtdipyam^O^^H^O all show normal high-spin 
magnetic behaviour' with little temperature dependence of the moment, which is 
about A.70BM (Tables A.6-A.8,A.12)*. The Weiss constants are. close to 0°, 
which indicates that there is no antiferromagnetic interaction (Diagrams 
k . 9 ) .
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TABLE A.6 Magnetic Susceptibility Data for CrCdipyam^Cl^.
T(K) ^ Ax106(cgsu) X ^ x l O  2 . '/^eff(BM)
293*5 9370 1.07 4.70
261.2 10040 0.996 4.60
230.3 115900 ' 0.863 4.62
198.3 13650 0.733 4.65
166.5 16440 O .608 • A.68
135.2 20090 0.498 4.66
104.0 26400 0.379 4.69
•89.5 30230 O.331 4.66
Diamagnetic correction -242x10 ^cgsu Weiss constant 2°
DIAGRAM 4.3 Temperature Dependence of Susceptibility and Magnetic Moment.
Cr(dipyam^Cl
1.0
0-100 100 200 300
T(K)
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TABLE 4.7- Magnetic Susceptibility Data for Cr(dipyam)pBr.
T(K) x10^(cgsu)- X . “1x10 2 /^eff(BM)
293.5 9320 ■1.07' 4.68
262.7 10390 0.962 4.67
230.3 11920 0.839 4.69
198.3 • 13720 0.729 4.67
166.5 16300 0.614 * 4.66
135.2 20210 0.495 4.68
104.0 25880 0.386 4.64
89.5 29930 ; 0.334 4.63
-6 oDiamagnetic correction -264x10 cgsu V/eiss constant 2
DIAGRAM 4.4 Temperature Dependence of Susceptibility and Magnetic Moment.
Cr(dipyam) :
1.0 -
-100 0 100 200
T(K)
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i
; A.8 Magnetic Susceptibility Data for Cr(dipyam) 2 I 2 '
T(K)
'"\7 6 
//^ '^x10 (cgsu). *X.A 1x10"2 ^eff(BM)
293-5 9180 1.09 A.66
262.7 10210 O.98O . A.63
230.3 11650 O.858 A.63
198.3 13^50 O.7AA A.62
166.5 15892 0.629 A.60
135.2 19720 0.507 A.62
10A.0 25A5O 0.393 A.60
89.5 29510 0.339 A.61
-6 oDiamagnetic correction -296x10 cgsu V/eiss constant 5
DIAGRAM A. 5 Temperature Dependence of Susceptibility and Magnetic Moment.
Cr(dipyam) I
X -V,o-2
0.5 _
-100 0 30010~0 200
T(K)
8o
TABLE 4.9 Magnetic Susceptibility Data for•Cr(dipyam) (NCS)^.
T(K) 'V 6-'/N^ x 10 (cgsu)
OjI0X
X
- ^eff(BM).
293-5 6790 - 1 .47 4.02
262.7 7600' 1.32 3-99
230.3 8730 1.15 4.01
198.3 10000 1.00 3.98
166.5 11790 0.848 ' 3.96
135.2 1 446o 0.691 3.97
104.0 18930 0.528 3.94
89.5 21800 0.459 3.95
- Diamagnetic correction -257x10 cgsu Weiss constant 0°
| * Refer to analysis on p 60. This is thought to be
I unacceptable for interpretation of these results. *
.DIAGRAM 4.6 Temperature Dependence of Susceptibility and Magnetic Moment.
Cr(dipyam) (NCS)
1.0 -
0.5 -
-  2
-100 100 200
T(K)
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TABLE -^.10 Magnetic Susceptibility Data for Cr(dipyam)(NCS)^.
T(K) X L  x106(cgsu) X  ”1x10“2 Aeff(EM)
A A
293.5 8900 1.12 ^.57
262.7 9680 1.03 ^.31
230.3 10720 0.933 k . k k
.198.3 11710 0.85^ 4.32
166.3 • 13090 0.76^ 4.18
133.7 1^380 0.696 3.93
100.6 16330 0.603 3i6*f
89.3 17160 0.383. 3.30
-6 • o
Diamagnetic correction -169x10 cgsu Weiss constant 107 (1st 5 points)
DIAGRAM k . 7 -Temperature Dependence of Susceptibility and Magnetic Moment.
Cr(dipyam)(NCS)
1.0
^eff 
" (EM).0.3 -
-2
-200 -100 0 100 300200
T(K)
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TABLE 4.11 Magnetic Susceptibility Data for CrCdipyamKNCO^.HpO,
T(K)
293.5
262.7
230.3
198.3
166.5
135.7 
104.0
89.5
X c10 (cgsu)
8650
9370
10420
11440
12660
14300
16080
16770
-6
-1 -2
A . I*™ ^ ^eff(BM)
1.16 4.31
1.07: 4.44
0.960 4.38
0.874 4.26
0.790 4.11
0.700 3.93
0.622 3*66
0.596 3.46
Weiss constant 119°Diamagnetic correction -165x10 cgsu
(1st 5 .points)
DIAGRAM 4.8 Temperature Dependence of Susceptibility and Magnetic Moment
Cr( dipyam KNCO)^ . H O
1.0
X y W 2
ff
(BM)
-200 -100 0 100 300200
T(K)
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TABLE A.12 Magnetic Susceptibility Data for Cr(dipyam)S0/f.2^0.
T(K) X^xlO^Ccgsu) X , A"1x10"2 /^eff(BM)
293-5 9560 1.05 4.71
262.7 .10530 0.949 4.70
230.3 11950 0.837 4.69
198.3 13830 ‘ 0.723 4.68
166.5 16430 0.609 4.68
133.7 20180 0.495 ' 4.68
104.0 26040 0.384 4.62
89.5 29950 0.334 4.63
Diamagnetic correction -173x10 ^cgsu Wei ss constant 0°
DIAGRAM A.9 Temperature Dependence of Susceptibility and Magnetic Moment. 
Cr (dipyam) SO^. 2 ^ 0
1.0
/-tef f 
(EM)
0.5-
200100-100
8^
The thiocyanate complex Cr(dipyam)(NCS) and the isocyanate complex
Cr(dipyam)(NCO) .IL>0 show behaviour consistent v/ith the presence of considerable
antiferromagnetic interaction.- The Curie-Weiss plots (Diagrams **.7,^.8) give
0  values of 107° and 119° respectively and the complexes have room temperature
moments reduced from the normal high-spin moment of 4.90BM to about 4.5BM.
The moments are .also reduced with decreasing temperature. The presence of
antiferromagnetic interaction in these complexes is further evidence of the
bridged polymeric structure also suggested by infrared evidence. This
behaviour has been observed previously for thiocyanate complexes of 7r-donor 
21ligands (see Chapter 3) and similar pyridine and methyl pyridine complexes
of copper, nickel and cobalt have been reported and shown to have polymeric
87
octahedral structures (with bridging through thiocyanate).
, A. 4 CONCLUSION
A distorted octahedral structure is proposed for the Cr( dipyam 
(X=Cl,Br,I) complexes (Diagram 4.10) and a bridged structure with bidentate 
dipyam for the complexes Cr(dipyam)(NCS) and Cr(dipyamKNCO^.H^O (Diagram 
*+.11). The latter complex is the first reported to contain bridging cyanate.
A bridged structure (Diagram 4.12) is also proposed for the complex 
Cr(dipyam)S0^.211^0 whilst no conclusions concerning the structure of the 
complex Cr(dipyam)^NCS)^ are drawn due to its poor analysis and because a full 
investigation has not been performed.
Further work concerning dipyam complexes is necessary in several 
areas. All of the complexes prepared contain high-spin chromium(II) and no 
crossover situation has been found. If the bis dipyam thiocyanate complex could 
be prepared pure, it is considered that other magnetic behaviour (perhaps low- 
spin) may be observed, due to the higher ligand.field strength of thiocyanate
85
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relative to the halides. The preparation of complexes of mixed ligands, for 
example of the type Cr(bipy)(dipyam)X^ (X=Cl,Br,I,NCS or NCO) may also produce 
complexes exhibiting spin-spin equilibria.
CHAPTER FIVE 
Chromium(II) Complexes of Macrocylic Ligands
89
9.1 INTRODUCTION.
The chemistry of transition metal complexes of macrocyclic ligands, 
ligands which can form a 'ring* around the metal ion, is a subject of 
considerable interest, especially due to its importance in biological 
chemistry. Haem, chlorophyll, vitamin and many other 'active1 biological 
molecules are all complexes of this type and most contain a 14-membered porphin 
or corrin ring. It has been found that the macrocyclic ligand and the metal 
ion are equally important in determining the special properties of the molecules 
and in view of their complexity, syhthetic ligands are desirable for investi­
gation of these properties. However, until recently only the pigment 
phthalocyanine was available.
Studies of metal-ligand interactions in natural products and in the 
phthalocyanine complexes are complicated. The porphyrin ring is an aromatic 
dianion with extensive 7r-delocalisation and the ligand is a powerful chromophore 
because of this ttsystem. In electronic spectra of its metal complexes, d-d 
transitions are hidden; thus one of the important sources of information about 
the metal-ligand interactions is unavailable. Also, redox interactions are 
complicated by electron transfers that may involve the metal ion, the ligand 
or both.
The first studies of the much simj^ler tetraaza macrocyclic ligands 
involved the ligand 1., 4, 8 , 11 - tetraazacyclotetradecane ([l^JaneN^,
157—159Diagram 5-1)* Complexes with cobalt(lll) and nickel(ll) were prepared 
and generally contained the ligand in a trans configuration. Complexes reported 
subsequently include those of rhodium(II) and chromium(III) . With 
chromium(III) several cis complexes, [cr( [lA]aneNZf)XY]n+ (X = Y = H O,OH;
X = OH, Y = H^O) were prepared, the geometric configuration being assigned by
90
DIAGRAM 5 .1 1,^,8,11 - Tetraazacyclotetradecane and ,
1,A,8,12 - Tetraazacyclopentadecane
[l^JaneN^ [l^JaneN^
comparison of the visible absorption spectra with those of the analogous bis 
(1,2-diaminoethane) complexes. Other complexes reported more recently are 
those with silver(II) and silver(III) ruthenium(III) iron(II)
and manganese(III), iron(lll) and nickel(III), for which cis complexes were 
found for [Fe( [l*f]aneN^)X.J + (X=C1, Br or NCS)^^.
Known complexes of chromium(II) with [l^JaneN^ are restricted to those 
of the type CrCfl^janeN^X^ (X=C1, Br, I, -JSO^-or NCS) although the
reported analyses of a few of these complexes are unsatisfactory. It was . 
suggested that some complexes might be five coordinate and this was further 
investigated in the present work.
Few other complexes of chromium(ll) with macrocyclic ligands are 
known. Complexes of the methyl substituted ligands, Me^[l^JaneN^ and 
Me^fl^JaneN^ have been prepared by addition of a concentrated solution of the 
appropriate anhydrous’ chromium(ll) halide in DMF, to a stoichiometric amount 
of the ligand also dissolved in DMF. Two forms of the- complexes were isolated,
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blue and purple, dependent on the temperature of reaction. These were accounted 
for by planar and folded configurations of the macrocyclic ligand and a.
polymeric or bridged structure discounted on magnetochemical evidence.
. 167 43
Chromium(II) complexes of phthalocyanine , tetraphenylporphin and other
unsaturated tetraaza macrocycles ^6,169 are apso
One of the more interesting features arising from a study of complexes
of saturated tetraaza complexes is the importance of ’hole size’ in the metal-
2+ 3+ligand interaction. This was studied extensively for Ni and Co complexes 
of 12-16 membered macrocycles ^ 9 ,170^
ir II 1Various complexes of the general formula trans-j^ Ni and
trans-[co^^^(L)Z^j Y (Y,Z=C1, Br, N or NCS; L is a 13-16 membered macrdcycle)
XY
were prepared and through analysis of the electronic spectra, values of Dq ,
the ligand field parameter in the xy plane (and therefore that due to the
macrocyclic ligand) were obtained (Table 5»1)» The wide range of values for 
xy
Dq J is not consistent with the concept that a constant donor set of, for
example, four nitrogens and two chlorines should give a constant ligand field
xy
and it is useful to compare the values of Dq d for the macrocyclic complexes
with those for complexes of an approximately similar, non-macrocyclic set of
nitrogen donor ligands. In Table 5«1 complexes of 1,2-diaminoethane,
N,N'- dimethyl-1 , 2 - diaminoethane and 1 ,3-diaminopropane are used for
xy
comparison and due to the relationship between Dq d amd the visible absorption 
maximum, I'max, it was thought that values of v max for chromium(ll) complexes 
could also be compared in this manner.
xy —1
The values obtained for Dq d suggest that a value of around 2300cm
is normal for donor chelating ligands with cobalt(III) and thus, using 
spectrophotometric evidence at least, the 1^-membered ring is the ’best fit’.
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Higher values of Dq are consistent with the ring being too tight and lower ■ 
values with it being too loose. Similarly for nickel(II) the 15-merabered 
ring is the ‘best fit’. For high-spin chromium(Il), a value of vmax higher 
than that for corresponding non-macrocyclic complexes is found for complexes 
of the 14-membered macrocycle; thus it is predicted that the 15-membered 
ring will give the 'best fit' if trends in the values of DqX^ for the nickel(II) 
and cobalt(III) complexes are paralleled.
This concept of a ’best fit' ligand can be more easily understood if
the ligand is thought of as a stiff elastic band that encircles the metal ion
170
and is bound to it at four points, the nitrogen atoms . Such a stiff elastic
band would have a natural radius which corresponds to the metal-nitrogen distance
in an undistorted structure. Normal behaviour is observed when the ring is
precisely that size that fits the specific metal ion with no deviation from its
shape or size. If it is too small it must be stretched to accommodate the metal
ion. This distortion exerts a force that serves to enhance the metal-donor
xy
interaction and therefore increase the size of Dq . If the band is too large,
it will tend to stretch the metal-donor linkages as they act to compress the
xy
ring. This causes a decrease m  Dq d . Using this viewpoint and data obtained
from strain energy calculations, ideal metal-nitrogen bond lengths have been
170calculated for the 12-16 membered saturated tetraaza macrocyclics (Table 5-2), 
these are of course related to the size-'of.the 'hole’ in the macrocycle.
If a metal-nitrogen bond distance for the chromium(ll) complexes can
be calculated then it should be possible to predict the 'best fit' ligand for
chromium(ll) in both high-spin and low-spin electronic configurations. The
ogen coordinating radius in Ni(en)-^'1', Coten)-''** and other related complexes '
- 3 3
171 17?is about ikOpm ’ ', and when added to the ionic radius for chromium(Il),
the values shown in Table 5-3 obtained. The 'best fit' ligand for
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TABLE 5»2 Ideal Metal-Nitrogen Bond Lengths and Planarity of Ligands (rm).
Ligand Average Ideal Bond Length
Average Deviation from 
the Ideal Plane.
^12janeN^ 183 41
[ijJaneN^ 192 12
£l4janeN^ 207 0
[^JaneN^ 222 14
[l6]aneN4 238 0
TABLE 3.3 Calculation of 'Best Fit1 Ligand
Metal Ion Ionic Radius (pra) M-N Distance (pm) Best Fit Ligand
Low-spin Cr^+ 73 213 [li*]aneN4
2+High-spin Cr 82 222 [15] aneN^
Cr^+ 62 208 [l4]aneN4
95
low-spin 'chromium(II) then appears to be the 1^-membered ring and for the 
high-spin configuration, the 15-membered. macrocycle, •
The aim of this work was to prepare complexes containing non­
coordinating anions, and to confirm or disprove the proposed 5-coordinate
17 21 r 1
structure suggested by earlier workers for the chromium(ll) - p^-JaneN^
complexes. In addition it was intended to prepare complexes of j^l^JaneK^
and M  aneN^ in order to show that the 'best fit' ligands for high-spin
and low-spin configurations were as calculated.
5.2 EXPERIMENTAL
1. Preparation of 1,4,8,11 - Tetraazacyclotetradecane.
aneN^ was prepared according
173to the reaction scheme shown in Diagram 5*2 . In a typical preparation of
the nickel - £l4janeN^ complex, nickel(ll) perchlorate hexahydrate 
(27.3g, 0.075 moles) was dissolved in water (200cm ) and 1,5 ,8,12 - 
tetraazadodecane (I3g, 0.075 moles) added dropwise with stirring. The resulting 
red-brown solution was cooled to 5°C in an ice-bath and aqueous glyoxal (kCfyo 
solution, 12cm ) added dropwise over 10 minutes with continuous stirring. The 
solution was then allowed to warm to room temperature and left overnight.
The solution was again cooled to 5° and reacted with sodium •
borohydride (5.5g, 0.15 moles) which was added in small portions over a period
of about an hour. The solution was then heated to 90°C until effervescence
had ceased, filtered through a large sinter and acidified with concentrated
3 •perchloric acid ( 15cm ). The fine orange crystals which precipitated were
3 3filtered off, v/ashed with ethanol (2x100cm ) and diethyl ether (50cm ) and
air dried (yield 63g, 33%) •
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DIAGRAM 5.2 Preparation of 1,4,8,11-Tetraazacyclotetradecane.
V .  /
/  \
N H
0  0
uP- L  H ? °  + HC-CH - L  ■
2
■NH 
\  /
NL ^
•NH N ^
NaBH
4
2+
■NH HN-
/
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3The nickel complex was dissolved in water (200cm ), sodium cyanide
03*5gi 0*3 moles) added, and the mixture refluxed for two hours. The solution
was cooled to room temperature, sodium hydroxide pellets added (7 *5g) and the
mixture evaporated to give a semi-solid. This was extracted with chloroform
(100cm ) and the liquor filtered into a separating funnel. The remaining solid
3
was washed with chloroform (6x50cm ) and the aqueous layer of the filtrate
3
extracted again (6x50cm'). The chloroform extracts were combined, dried over
anhydrous sod.ium sulphate (lOg), filtered and the chloroform removed on a rotary
3
evaporator. The resulting cream solid was recrystallised from dioxan (i20cm ) 
to give very fine, long white needles mp 182°C (yield 20.2g, 72?o).
Calculated for C^H^N^: C 59*96, H 12.08, N 27*97 %
Found: C 59*91, H 12.25, N 28.01 %
2. Preparation of Monochloro (1,4,8,11 - tetraazacyclotetradecane) chromium(ll)
Hexafluorophosphate Monohydrate.
-2Chromium(ll) chloride tetrahydrate (3*36g, 1.72x10 moles) was
3
dissolved in dry ethanol (100cm ) with ammonium hexafluorophosphate
-2 ■(2.8lg, 1*72x10 moles) and the precipitated ammonium chloride removed by.
filtration. To the resulting mid-blue solution v/as added slowly and with
shaking a solution of £l4janeN^ (3*44g, 1.72x10 ^moles), again in dry ethanol 
3
(30cm ). The resulting violet precipitate, which appeared after some two or
3
three minutes, v/as filtered off, washed with cold ethanol (2x20cm ) and dried 
under vacuum for six hours.
Calculated for Cr(£ikJaneN^ClfFg.H^O - CrC^H^gN^OClPFg:
Cr 11.54, C 26.65, H 5.81, N 12.43%
Found: Cr 10.48, C 26.29, H 5*60, N 12.13#
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3« Preparation of Monobromo (1,4,8,11 - tetraazacyclotetradecane) chromium(II)
Hexafluorophosphate monohydrate. 
       ^
• _2
Chromium(ll) bromide hexahydrate (4.35g» 1.36x10 moles) v/as dissolved 
3
in ethanol (80cm ) and a solution of ammonium hexafluorophosphate (2 .22g,
-2 3 ■' ■
1.36x10 moles) in ethanol-(40cra ) added. To the resulting blue solution v/as
added dropv/ise a solution of £l4janeN^ (2.73g> 1.36x10 ^moles) in ethanol 
3(50cm ), the mixture being shaken until a blue-purple precipitate appeared.
This was filtered off, washed with cold ethanol (2x10cm ) and dried under 
vacuum.
Calculated for Cr( [l4]aneN^BrPF^.H^O - CrC^QH^N^OBrPF^:
Cr 10.13, C 23.40, H 5.50, N 10.92 °/o 
Found: . Cr 9 .8 6, C 23.46, H 5.40, N 10.54 %
4.Attempted Preparation of Bisisothiocyanato (1,4,8,11- _
tetraazacyclotetradecane)chromium(II).
A substance thought to be the title complex has been prepared 
21
previously , but with poor analyses and so attempts 'were made to repeat the
preparation. In a typical preparation, chromium(Il) bromide hexahydrate
_2 3
(6.55g, 2.05x10 moles) was dissolved in water (50cm ) and treated with an -
3 “ 2aqueous solution (30cm ) of ammonium thiocyanate (3 »12g, 4.10x10 moles).
The resulting deep-blue solution was added with shaking to an aqueous solution
3 —2
(30cm ) of 2-methylpyridine (3 -86g, 4.09x10 moles) to give immediately, a
violet precipitate. This was filtered off, washed with several portions of
cold water (4x10cm^) and dried under vacuum.
This bis(2-methylpyridine)dithiocyanatochromium(ll) (l.65g,
~3 34.66x10 moles) was dissolved in methanol (25cm ) and added dropwise v/ith
99
shaking to a solution of ^lAjaneN^ (0.93g, ^.6Ax10 .^moles), also in methanol 
3
(25cm ). The resulting purple solution was evaporated almost to dryness,
3
THF (50cm ) was added and the resulting pink-brown precipitate was filtered
3
off, washed with THF (2x15cm ) and dried under vacuum.
Calculated for Cr(£l VJaneN^) (NCS)^ - ^r^ 2^2^ 6^2 *
C 59.12, H 6.57, N 22.81 %
Found: C 57.87, H 6.75, N 20.57 %
Several other methods were used to attempt preparation of a complex 
having a better analysis but with little success. These included preparation 
from ditetraalkylammonium tetrathiocyanatochromate(ll) salts arid directly from 
ethanolic chromium(Il) thiocyanate solutions, but all preparations including 
that described earlier seemed to lead to mixed products and decomposition, 
detected by the evolution of hydrogen sulphide from the apparatus.
5. Preparation of a Chromium(III) (1,4,8,11 - tetraazacyclotetradecane)
Tetrafluoroborate Complex.
Chromium(II) tetrafluoroborate hexahydrate (prepared using the
method described in Chapter 2 but scaled down for 1.28g of chromium pellets)
3
was dissolved in a mixture of 2,2-dimethoxypropane (30cm ) and dry ethanol 
(60cm^). The solution was heated to 60°C.for tv/o hours, cooled and 
evaporated to dryness to give a white", • faintly green coloured solid.
The dehydrated tetrafluoroborate salt was dissolved in dry ethanol
(70cm^) and added to a solution of [l^JaneN^ (l.73g), again in ethanol 
3
(20cm ). A purple coloured solution formed but quickly turned red over a
period of about five minutes and gave a precipitate of fine red needles.
3
These were filtered off, washed with ethanol (2x10cm ) and dried under vacuum.
Calculated for Cr( [lA]aneN^)F2 BF^ - CrC^H^N^BF^:
c 31.85, H 6.A1, N l b . 86% 
Found: C 32.36, H 6A0, N 1A.16%
As can be seen from the formula, the compound was judged to have 
undergone autoxidation in the final stages of the preparation. The product 
did not change colour on exposure to air or on dissolution in water in the 
presence of air; this usually leads to a colour change through oxidation to 
chromium (HI) for most chromium (II) complexes.
aneN, was frustrated 
b
by lack of a suitable Raney nickel catalyst with which to hydrogenate the 
dicyano compound bis(cyanoethyl)propane-1,3-diamine. This compound is used to 
prepare a tetramine used in a template synthesis similar to that used for the 
preparation of aneN^.
RESULTS AND DISCUSSION ,
The complexes were again investigated and characterised using infrared 
and diffuse reflectance spectroscopy and by measurement of their magnetic 
properties. An X-ray structural determination for the fluoroborate complex is 
in progress at the time of v/riting, (see Appendix 1)..
1. Infrared Studies
In general, the spectra of the hexafluorophosphate complexes show
weakened ligand bands and the strong, sharp absorptions due to NH stret.ching
-1
vibrations at 3268 and 3191cm become very broad on complex formation as was 
found for chromium(ll) ^ ^ , nickel(II) and cobalt complexes ^57,158 
[lAjaneN^. There is a strong, broad absorption band in the region of 8^ f0cm ^
The preparation of the 15-membered macrocycle [l5J
101
which has been assigned to the hexafluorophosphate ion, although there are 
ligand absorption bands also found in this region.
-1 -1
There are broad bands at about 3^50cm and 1390cm which are 
thought to be due to OH stretching and bending vibrations of lattice water.
The infrared spectrum of the tetrafluoroborate complex also shows
evidence of coordinated water with the presence of a broad band due to OH
_1
stretching vibrations at 3 ^ 0  cm and a very broad absorption, thought to be
-1
due to the OH bending vibration at l6^0cm . However, the analysis of this
complex did not show. water to be present, although the composition of the
complex was by no means certain. The spectrum of this complex also shows two
-1
strong and complex absorption patterns from 990 - 11^0 cm and from 
_1
500 - 580cm which have been assigned to vibrations of the tetrafluoroborate 
ion.
2. Diffuse Reflectance Studies.
The diffuse reflectance spectra of Cr([1^]aneN^)ClPFg.H 0,
Cr([I^Jane'N^BrPF^-.H^O and the tetrafluoroborate complex were recorded 
(Table 5»^i Diagram 5*3i 5»*0.
A broad asymmetric band is observed in the spectra of the
-1hexafluorophosphate complexes in the region of 18000cm with a shoulder at 
-1
about 15800cm . This is consistent with the presence of high-spin chromium(ll)
5 5 5 5with the combined B .— «» E and B. es® B_ transition in the region of
1g g 1g 2g 6
-1 5 5 -11.8000cm and the B^~— «*»■ A transition'at about 15000cm” in complexes
with 4N,2X donor ligands (X^halide). As expected, the energies of these -
absorptions are slightly higher for the chloro complex due to the predicted
higher ligand field strength.
5*^
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chromium(lll) is expected to give
F free ion term.
if if /
A- — T„ (P) TP first excited term.
2g '
The last band is often obscured by charge transfer bands arising from
electron transfer from ligand orbitals to metal ion orbitals and this is v/hy
only two bands due-to d-d transitions appear in the spectra of the
-1tetrafluoroborate complex (the band at A2900cm is a ligand absorption band).
3« Magnetic Susceptibility Measurements.
The temperature dependent magnetic susceptibilities and experimental 
magnetic moments of the complexes over the range 90-295K a**e given in Tables 
5•5-5-7 snd Diagrams 5*5-5*7•
The chromium(ll) complexes Cr([lA]aneN^)ClPF^.H^O and 
aneN^)BrPFg.H 0 have room temperature moments of if.20BM and A.29BM and 
their susceptibilities show temperature dependence typical of complexes in 
which there is antiferromagnetic interaction with 0 values of 102° and 65° 
respectively.
The tetrafluoroborate complex shows magnetic behaviour typical of a 
chromium(lll) complex with a temperature independent moment of 5-77BM
Cr(hif]
The diffuse reflectance spectrum of 
three bands corresponding to the transitions
if if'
A — T
2g 2g
if if
A --g33s» T (F)
2g 1g
TABLE 5*5 Magnetic Susceptibility Data for Cr( £l4j aneN^ClPFg.H 0.
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T(K) X  ^xlO^(cgsu) ~^x10  ^ /*eff(BM)
293.5 7500 1.33 A.20
262.7 8110 1.23 >.13
230.3 8880 1.13 4.04
198.3 9845 1.02 3-95
166.5 11020 0.907 3.83
135.7 12550 0.797 3.68
104.0 14210 0.704 3.44
89.5 15850 0.631 3.37
-6 o
Diamagnetic correction -266x10" cgsu Weiss constant 102
DIAGRAM 5>5 Temperature Dependence of Susceptibility and Magnetic Moment.
Cr([l4]aneNlf)ClPF6.H 0
M ' e i t  
~  (BM)0.5
100 200100 0
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TABLE 5*6 Magnetic Susceptibility Data for Cr(£l4janeN^)BrPF^.H^O.
T(K) ^xio^(cgsu)
A
X .  ” 'x10~2
A
M e ff(BM)
293*5 7850 1.27 4.29
262.7 8680 1.15 4.27
230.3 9570 1.05 4.20
198.3 IO59O 0.944 4.10
166.5 12180 0.821 4.03
135*7 13890 0.720 3*88
104.0 .16670 0.600 3*72
89.5 18540 0.539 ,3-64
-6Diamagnetic correction -278x10 cgsu Weiss constant 65°
DIAGRAM 5*6 Temperature Dependence of Susceptibility and Magnetic Moment.
Cr([14]aneN^)BrPF .H 0
1 .0
—■0 *
O
M e f  f
- (BM)0.5
■nr
500-100 o 100 200T(K)
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TAELE 3.7 Magnetic Susceptibility Data for Chromium(III) Tetrafluoroborate
T(K) /*C ;x10^(cgsu) 
1 A
“1x10"2
A
/*eff(BM.
293.5 6030 1.65 3.77
262.7 6830 1.47 3.79
230.3 7730 1.29 3.77
198.3 .9020 1.11 3.78
166.5 10660 0.938 3.77
135.7 13280 0.753 3.80
104.0 17260 0.379 3.79
89.5 19980 0.300 3.78
Diamagnetic correction -220x10 cgsu Weiss constant 0°. 
Molecular weight 377 (see text)
DIAGRAM 3«7 ■ Temperature Dependence of Susceptibility and Magnetic Moment.
Chromium(III) Tetrafluoroborate Complex
1.0 -n
-100 100 300200
T(K)
DIAGRAM 3«8 Polymeric Structure of Hexafluorophosphate Complexes
6
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Water and hexafluorophosphate ion incorporated in lattice.
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(assuming a molecular weight of 3 7 7; this was based on the composition 
• Cr([l^f]aneNif)F^BFif).
5-4 CONCLUSION.
In view of the considerable antiferromagnetic interaction present in 
the complexes Cr([ 14] aneN^ClPFg.H^O and'Cr( [l4] aneN^BrPFg.H^O, it is 
proposed that they have a polymeric structure with bridging halide and lattice 
water (Diagram 3-8)• It is therefore " likely that the bis halide complexes 
have a distorted octahedral structure and not the five coordinate structure 
which has been proposed ^ ; the ligand [l4]aneN^ does not provide' the steric 
hindrance necessary to force a five coordinate structure on the chromium(II) 
ion. It would be interesting to see if such a structure could be obtained 
using 1,4,8,11-N-tetramethyl-1 ,4,8,11-tetraazacyclotetradecane.
The chromium(III) complex resuiting from the attempted preparation 
of a chromium(ll) tetrafluoroborate complex is interesting as the chromium(Il) 
complex obtained initially (a purple coToured solution; the bis halide complexes 
are the same colour in solution) seems to oxidise in the absence of air to give 
a fluoro fluoroborate complex; few fluoride complexes of chromium(III) have been 
reported.
There would appear to be several areas for further research and 
preparation of chromium(II) macrocycle complexes. It is unfortunate that the 
ligand [l5]aneN^ could not be prepared; preparation of chromium(II) complexes 
of this ligand would show whether the 'best fit' ligands for high-spin and 
low-spin chromium(II) were as calculated and . the results of these investigations 
may suggest a route to further low-spin complexes of chromium(II).
CHAPTER SIX 
Chromium Complexes of Polymeric Schiff Bases
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6.1 INTRODUCTION
Although many complexes of most transition metals with monomeric 
Schiff bases are known, few have been reported for chromium(ll). A number 
have been prepared using related macrocyclic kN donor ligands described
A2 -
earlier and several bis-/3-ketoammine complexes (I and II) with 2N20 donor 
systems are known ’ (Diagram 6.1), although these complexes are somewhat 
difficult to obtain, requiring air and moisture to be carefully excluded from 
the preparation. Also known are complexes v/ith polymeric Schiff bases
That these should contain chromium(ll) is surprising due to the
DIAGRAM 6.1 Chromium(II) bis- 0 -ketoammine Complexes.
i n
■difficulty experienced in preparation of complexes of both macrocyclic and 
ordinary Schiff base ligands such as N,N’-ethylenebis(salicylideneimine), 
(salenH^), in this and preceding work especially as the reported
complexes appear to be air-stable and relatively inert towards oxidation.
The polymeric Schiff bases are prepared from a dialdehyde,
5 ,5 '-methylenebis(salicylaldehyde), and an amine, either
3,3'-diamino-N-methyldipropylamine to give polymer III, 5,5'-SalMeDPTH0 , orL ft
k,k1-methylenebis(cyclohexylamine) to give polymer IV, '-SalmebchH
L 2J n
DIAGRAM 6.2 Polymeric Schiff Base Complexes of Chromium
Cr(OAc)2
t = N
\
■H
Cr.
/
0 -
c
o
c
CH
R= — (CH2 )b— N— (CH2 )3
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For the complexes with chromium and other metals, originally 
investigated as part of research to improve the heat stability of polymers 
176,181 190^ phenolic OH groups are deprotonated to give a tetradentate,
dianionic ligand* The supposed chromium(ll) complexes were said to have been 
prepared according to the reaction scheme pl!2 , from chromium(Il) acetate 
monohydrate and the appropriate polymeric Schiff base in DMF- solution, the 
reaction being carried out under a nitrogen atmosphere and in the presence of 
sodium acetate as a buffer.
Similar preparations with monomeric Schiff bases units, such as
salen and related compounds, have resulted in complexes that contain
191 192chromium(III) only 1 . The crystal and molecular structure of one of these
complexes, N„N'-ethylenebis(salicylideneiminato) diaquochromiumCHI) chloride, 
has been determined.
In the present work, attempts were made to re-prepare the "reported
chromium(Il) complexes of the polymeric Schiff bases III and IV, and to
characterise them using microanalytical, infrared and diffuse reflectance
evidence. One particularly interesting feature of the complexes is their
reported ability to separate oxygen and some inert gases from mixtures of 
173 179those gases ’ . This property is currently being re-investigated
* '
elsewhere for the complexes prepared in this work and for those originally 
prepared.
6.2 EXPERIMENTAL.
1. Preparation of 3,3'-Methylenebis(salicylaldehyde).
. " 1 -] 3"|
3,3'-Methylenebis(salicylaldehyde) was prepared as reported
*
British Gas Corporation, Research and Development Division, Solihull,
West Midlands.
11 if
according to the reaction scheme below shown in Diagram 6.3* 
DIAGRAM 6.3 Preparation of 5,5I-Methylenebis(salicylaldehyde).
A « 2
^  °HC
CH#2 CH2 CH3COOH HO
95
A solution of salicylaldehyde (69ctfr, O.655moles) and trioxane
(7-Og, 0.206moles) .in glacial acetic acid (50cm ) was heated with stirring to
o 390-95 , and a mixture of concentrated sulphuric acid (0.5cm ) and glacial,
acetic acid (2.5cm.) added dropwise over some fifteen minutes.. The solution
was maintained to 90-95° for a period of 2k hours under nitrogen, stirring
continuously.
The reaction mixture was poured into ice-water (300cm ) and allowed, 
to stand overnight. The deposited white waxy solid was filtered off and 
extracted with petroleum ether (bp ^0-60°), to give a fine white powder. This 
was triturated with diethyl ether (3x80cm ) and recrystallised from acetone to: 
give white crystals, mp 131° (yield 17-3gi 28.9%).
: C 70.31, H if.69 %
Found: C 70.15, H k .6 k  %
Calculated for C ^ H ^ O ^
2. Preparation of Chromium(II) Acetate Monohydrate.
Chromium(ll) acetate monohydrate was prepared in one of two ways
"I if 193derived from published methods ’ .
i) Chromium metal pellets (8g) were dissolved in concentrated
3 3 ohydrobromic acid (17cm ) in water (15cm ) at 60 . After three
hours no more effervescence was noticeable and the blue solution
was filtered hot from excess chromium into a solution of sodium Cl6g)
dcetat
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ii) 'Chroraium(III) chloride hexahydrate (l3«5g) was dissolved in dilute
3sulphuric acid (22.5cm , 0.8m ), granulated zinc (lOg) added, and the
mixture left overnight. The resulting blue solution was filtered at
o 3GO into a solution of sodium acetate (24g) in water (50cm ),' also
at 60°.
In both cases the crystalline red product was filtered off, washed 
twice with cold water (15cm portions) and dried for five hours under vacuum. 
Calculated for CrC^HgO^: Cr 27.6*1, C 25.54, H 4.29 %
Found . Cr 27.30, C 25-33, H A .36 %
3. Preparation of the Polymeric Schiff Basej^5,5 ’ -SalHeDPTH J ^ ( III).
5,51-Methylenebis(salicylaldehyde) (2.56g, O.OImoles), was dissolved
in hot, freshly distilled DMF (50cm ) and,3,3-diaraino-N-methyldipropylamine
(1.**5g, O.OImoles) added dropwise to the stirred solution. A yellow solution
resulted immediately, but the solution was further heated at 100° for 2-3 hours
3before toluene (20cm ) was added and distilled off (to remove water formed in 
the condensation) as the water-toluene azeotrope.
To the cooled solution, methanol (l50cm^) was added. This gave a 
fine yellow precipitate which passed through filters of up to grade 4 porosity. 
However, on standing for two days, the solution gave a small amount (0.30g) of 
filterable material. .
The polymer was eventually obtained as a very sticky transparent 
yellow mass by stripping off the solvent on a rotary evaporator. The yellow 
solid Was dried under -vacuumv,pulverised in a Waring blender and further dried 
in a vacuum oven at 105° for six hours. In published preparative methods
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there is no indication that the polymer is difficult to isolate. In addition 
the polymer is reported to be soluble in hot DMF; in this work the product 
would barely colour even.boiling DMF.
Calculated for (C..H J  0 ) : C 72.30, H 7.45, N 11*50 %cLc. cL ( 3 ^
Found: C 71-70, H 7-42, N 11.26 %
4. Preparation of the Polymeric Schiff Base [5,3'- SalmebchH^J^ (IV).
5,5'- Methylenebis(salicylaldehyde) (2.56g, O.OImoles) was dissolved
3> >
in hot, freshly distilled DMF (50cm ) and 4,4- methylenebis(cyclohexylamine)
(2.10g, O.OImoles) in DMF (25cm ) added dropwise to the stirred solution. A
bright yellow precipitate was formed immediately. This was filtered off,
3 . .washed with methanol (50cm ), air dried and pulverised in a Waring blender 
before heating at 105° in a vacuum oven (yield 3«97g, 92?o).
Calculated for ^g2SEj>1^2°2^ n '  ° 7S*10’ H N ^
Found: C 77-69, H 7-93, N 6.41 %
5» Preparation of the Chromium Complex of the Polymeric Schiff Base
[5 ,5 '- SalHeDPTH2]n .
In order to overcome the difficulty in re-dissolving 
[3,5 '- SalMeDPTH^]^ (see Section 3), aldehyde and amine were mixed in hot DMF 
and a solution of chromium(II) acetate added before the polymer separated.
Chromium(ll) acetate monohydrate (l-36g, 7-13x10 moles) and anhydrous
-2sodium acetate (l.l8g, 1.43x10 moles) were dissolved in freshly distilled DMF
3 ■(100cm ). The solution was added slowly and with shaking to a solution of
-  33,5'- methylenebis(salicylaldehyde) (l.68g, 6.56x10 moles) and
-33,3'- diamino-N-methyldlpropylamine (0.95g, 6.56x10 moles) in hot DMF. The 
solution was stirred at 100° for 24 hours, a green gelatinous precipitate
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appearing after some two to three minutes. This was filtered off in air,
3- 3washed with DMF (50cm ) and methanol (50cm ) and then Soxhlet-extracted under
3nitrogen for 24 hours with methanol (200cm ). The resulting gel-like.mass was 
finally dried at 105° under vacuum to give a dark green, hard crystalline 
material (yield 2.35g,. 86% ).
Calculated for Cr(5,5'- SalMeDPT)(CH C00) - CrC^H^N 0^:
Cr 10.96, C 60.75, H 5.95, N 8.86 %
Found: Cr 10.00, C 58.48, H 5.97, N 8.8.0 %
6. Preparation of the Chromium Complex of the Polymeric Schiff Base
[5,5'- Salmebch K ]n
-2Chromium(II) acetate monohydrate (2.05g, 1.08x10 moles) dissolved in
■z
freshly distilled DMF (80cm ), was added slowly and with shaking to a suspension
of the freshly prepared (not isolated) polymer (obtained from
-2 '5,5f- methylenebis(salicylaldehyde),(?.76g, 1.08x10 moles) and
_2
4,4f- methylenebis(cyclohexylamine), (2.27g, 1.08x10 moles) and anhydrous 
sodium acetate (l.77g) again in hot DMF (150cm ). The mixture was stirred at 
100° for 2k hours, a green precipitate forming almost immediately the reactants 
were mixed.
The green precipitate was filtered off in air, washed with DMF (50cm )
3 3and methanol (50cm ) before Soxhlet- extraction with methanol (200cm ) for
2k hours. The product, a light green powder, was heated at 105° under vacuum
for six hours (yield 4.4lg, 85$).
Calculated for Cr(5,5’- Salmebch) (CH COO) - CrC^EL^N 0, :
3 30 53 2 *+
Cr 9.64, C 66.78, H 6.54, N 5.19 %
Found: Cr 9-97, C 65-54, H 6.66, N 5.18 %
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6.3 RESULTS AND DISCUSSION. •
The polymeric Schiff base-chromium acetate complexes have been 
characterised by their infrared and diffuse reflectance spectra (uv-visible), 
and by measurement of their magnetochemical properties. -
1. Infrared Studies.
The infrared spectra of polymers and complexes (Table 6.1) were
measured in KBr discs and as Nujol and hexachlorobutadiene mulls, between KBr and
—  1polythene plates over the range AOOO -  200cm . Assignments were made
according to previous studies of transition metal-Schiff base complexes
■192,19^-197 . ln •as follows:-
1) Aromatic CH and =CH stretches. The aromatic CH stretching vibration
-1 198gives several weak absorption bands above 3000cm . With increasing ring
substitution they become weaker and indeed they are indistinguishable in the
spectra of both the polymers and their chromium complexes. The =CH stretching
vibration of the imine group conjugated tc the aromatic ring is expected in 
197the same region .
2) Saturated CH stretches. The N-methyldipropylamine group appears to
give several bands which overlap with the -CHL,- stretch of the methylene
linkages and with methyl CH stretching vibrations from the acetate anions,
predicted at 2925 and 2850cm  ^ and 2989 and 2938cm  ^ respectively.
The A,4’- methylenebis(cyclohexylamine) group gives strong absorptions at 
—12926 and 2856cm , assigned to'the asymmetric -CH^- and symmetric -CH^- stretches,
again overlapping with predicted methyl CH stretching vibrations.
3) OH stretch. Free OH groups of alcohols and phenols in solution in a
—  1non-polar solvent, give a sharp absorption band between 3826 and 3610cm It
has been shown that the phenolic OH stretch of free Schiff bases is lowered
197considerably and broadened due to intramolecular hydrogen bonding . The
—  1Schiff base salen has an OH stretching vibration at 2650cm ; this compares
-1
with that observed for both of the polymers at about 2750cm
A) C=N stretch. In aliphatic iraines, the C=N band appears near 1670cm
and is displaced to lower frequency by conjugation. Salen has a band due to
-1 197
the C=N stretch at 1637cm ; bands are observed for both polymers at 1635cm
This band is affected by complexation as might be expected; the bands are
-1
lowered slightly to about 1620cm and become much broader, partly due to
-1
overlap with the COO stretching and CC skeletal vibrations expected at 1637cm 
—  1
and 1620cm respectively.
15 199Studies using N substitution have shown nitrogen sensitive bands
in this region and other studies have revealed extensive coupling between
C=N, C-0 and C=C stretching vibrations in complexes of this type.
5) Asymmetric COO stretch. The asymmetric COO stretching vibration of 
bridging acetate occurs in the same region as the C=N stretch mentioned above. 
Reference to the spectrum of copper(ll) acetate shows a broad band at 1637cm '. 
Ionic acetate, as found in sodium acetate, has a band at lower frequency,
1578cm . Spectra of the polymer complexes show a band in the region of
1620cm • Since there is no band near 1578cm due to ionic acetate, the
absorption must be due to bridging acetate.
6 ) Aromatic CC stretches. In both of- the free polymers, bands are
observed at about 1630, 1590 and lA90cm ; these correspond favorably with
—1
bands at 1612, 1580 and 1500cm observed for salen. On complexation, the
—1middle band is lowered slightly to around 15A0cm . .
*
Observed for bridging acetate in Cu(CH_C00)~ „ H_0.
3 2 .2
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;TABLE 6,1 Infrared Spectra of Polymeric Schiff Bases and their Chromium
1   .........
Complexes (cm ).
Assignment J^S'-SalMeDPTH-]^ [cr( 5 ,5 '-SalMeDPT) [5,5'-SalmebchH ] h [or(5 ,5 '-Salmebch)
(CH-COO)J 3 Jn (CH COO)]3 J n
1.Aromatic CH & 3030w 3030w
-CH stretches 30l8v
2.Saturated 2942s
CH stretches 2915s 2922m 2922m 2926s
2848s 2850m 2844m 2856s '
3.0H stretch 2797s 2720m
4.C=N stretch 1635s l620s,br 1632s ' 1625s,br
5.Asymmetric COO 
stretch
1620s,br 1625s,br
6.Aromatic CC 1635s 1620s,br 1632s 1600s
skeletal stretch 1588s 1537s 1592s 1537s
1492s 1495m 1480s 1478s
7.Asymmetric CH^ 1455m. 1450m l446m 1450s
& CHj deformations
8.In plane =CH 
deformations
l420w
9.Symmetric CH, 
deformations
1400m
10.C-N stretch 1380m 1388s 1386m l400m-s
11.Symmetric COO 
stretch
1353m
12.Coupled CO 8c 
OH vibrations 
(CO only in complexes)
1309m
1276
1346m 
1282s,br
1300m
1275s
1329m 
1278s,br
13,Aromatic CH in 1226m 1220m,br 1218m 1220m,br
plane 1l86w 1190vw
deformations 1158m ■1.161m 1160m 1160m
1130m 1131m 1128m 1130w-m
1076w 1080W ; 1090w
1058m 1048w-ra 1055m 1045w,br
976m 975m 970m 980w
950v 950w 956m 958w,br
14.Aliphatic CC
skeletal vibrations
910v w 898vw
15.Aromatic CH out 845m 834m
of plane vibrations 821m 823s 820s 821s
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7) Asymmetric CH deformations. Both CH_ and CH_ deformations are    -  —   —  ■ * 2
“1expected- to occur at about lAfjOem as are the scissoring vibrations of -CH^- 
198in cyclohexane . Bands occur in the polymer and complex spectra at about 
-1lA^Ocm but appear more intense for the complexes. This may be due to overlap 
with methyl CH deformations of acetate.
8 ) In plane ethylenic -CH deformation. A weak absorption due to ethylenic
-1 197=CH in plane vibrations occurs at lk21cm for salen . A weak shoulder 
appears for the polymeric Schiff base [5■»5* — SalMeDPTH^^ at about l420cm~\ 
but is masked in the other spectra.'
9) Symmetric CH^deformation. Methyl groups exhibit a characteristic
—  1symmetric-CH deformation in the vicinity of 1380cm . There is a prominent .
band in this region for the [5?5’- SalMeDPTH^^ polymer and its complex as
might be expected due to the N-methyl group. In the complex it is of much
—  1greater intensity and shifted to higher frequency, ikOOcm , and a strong band 
also appears in this region- for the [3*5'- Salmebch] complex. It is proposed 
that this confirms the presence of acetate in the complexes.
10.. C-N stretch. The position of the band due to the C-N stretching
196 197 199 200
vibration has been the topic of some discussion 1 ’ . It is
—  1 *
expected in the region of 1380cm in the free ligand and is generally
-1
shifted to 1A00 - 'ik^Ocm in most divalent transition metal complexes. In 
the polymer complexes, the shift is less pronounced, this band is found at 
1388cm  ^ for the complex of [ 5 ■» 5 * ~ SalMeDPT]^ and at lAOOcm-  ^ for that of 
[5 ?5'- Salmebch]^, although as discussed earlier, there is overlap of this 
band with those due to symmetric CH^ deformations.
11. Symmetric COO stretch. In all the spectra investigated there is a
122
_1
weak absorption at about 1355cm , thought to be due to aliphatic CH^
symmetric deformations. However, in the complex with ^5i51-S.almebch] , the 
band is increased in intensity. This band is provisionally assigned to
_ 'j
symmetric COO stretching vibrations, expected to be decreased from the lAlAcm
1 b3of non-bridging acetate in sodium acetate
12. CO Stretch. The CO stretch of the phenol group is complex in the
free ligand as it is coupled to the OH stretching vibration. For the Schiff
—1 197base salen, the coupled OH and CO vibrations appear at 1319 and 1287cm ,
but as C-N stretch appears in the same region, assignment is difficult. All 
of these bands should be affected by chelation to a metal ion and in the spectra 
of the polymers and their complexes, changes from sharp to broad bands are 
generally noticeable.
13* Aromatic CH in plane deformations. A group of bands for the aromatic
CH in plane vibrations is expected between 1255 and 930cm , this range being
197that for the Schiff base salen . Due to increased substitution in the 
polymers, fewer bands might be expected, but these bands are comparatively 
weak and difficult to distinguish.
1*f. Aliphatic CC skeletal vibrations. These bands are all very weak and
difficult to distinguish.
15* Aromatic CH out of plane -vibrations. A group of strong bands is
—1 197expected between 860 and 735cm influenced by the number and the position
of the substituents.
The presence of bridging acetate in the polymer complexes seems likely
—1from the increase in intensity of the bands around 1625 and 1^00cm , and the
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corresponding broadening of the bands especially with the complex of
[5i3*- SalmebchJ^. Both C=N and C-N stretching vibrations are shifted on
chelation, showing that the irnine nitrogens are coordinated despite the
considerable strain expected from the large chelate bridge in
3i3!- SalMeDPT , or the rather rigid 4,4’- methylenebis(cyclohexyl) linkage 
l Jn
of [3>5 '~ &almebch] .
2. Diffuse Reflectance Studies.
-1Diffuse reflectance spectra were recorded between 5000 and 30000cm
For the complex [cr(3i3’-SalMeDPT)(CH7C00)J^ bands were observed at 23000 and
17390cm \  and for the complex [cr(3?3 1-Salmebch)(CH^C00)J ^  at 24390 and 
-116730cm (Diagram 6.4). The diffuse reflectance spectrum of chromium(lll) is 
expected to give three bands corresponding to the transitions
4 4..A —— T
2g 2g
h 4
A0 — T (F) 
2g . 1g
4
F free ion term.
4 4 / N 4A — T (p) p, first excited term
2g 1g
The last band is often obscured by charge transfer bands arising from
(
electron transfer from ligand orbitals to metal ion orbitals and this is why
two band spectra were observed. High-spin chromium(ll) is expected to give a
single band (see Chapter 1) and single band spectra with v max at about 
-1
19000cm are in fact observed for the bis-0 -ketoa«\mine complexes mentioned 
175earlier . In Table 6.2 the spectra are compared with those of other 
chromium(lll) complexes having a similar metal ion environment.
If it is assumed that the symmetry of the complexes approximates to 
octahedral (which is by no means certain) as far as interpretation of the ‘
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TABLE 6.3 Magnetic Susceptibility Data of Polymeric Schiff Base Complexes,
[ Cr(5,5*-SalMeDPT)(CH^COO)] ^
T(K) /^C^xlO^Ccgsu) X A*io2 ^ eff(BM)
293.5 5530 1.81 3.60
262.7 6210 1.61 3.61
230.3 7060 1.^2 3.61
198.3 8100 1.23 3.58
166.3 9600 1.04 3.58
135.7 118^0 0.8¥f 3.55
10^.0 16050 0.623 3.55
89.5 17580 O.570 3-5^
-6Diamagnetic correction -236x10 cgsu Weiss constant 3°
DIAGRAM 6.3 Temperature Dependence of Susceptibility and Magnetic Moment* 
[Cr(5,5,-SalMeDPT)(CH^COO)] n
2,0
e-e-
-100 0 100 200T(K)
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TABLE 6 A  Magnetic- Susceptibility Data of Polymeric Schiff Base Complexes,
[Cr(5,51-Salmebch)(CH COO)] n
T(K)
'X/ f,
/^^x10 (cgsu) \io2 /^eff(BM)
293-3 ^280 2.3^ 3.17
262.7 4720 ■2.12 3.15
230.3 5300 1.89 3.13
198.3 6090 1.64 ■3.11
166.3 7000
00k\• 3.05
135.7 8^80 1.14 ■ 3-03 ■
10^.0 10^90 0.920 2.95
89.5 11860 ‘ 0.8l4 2.91
Diamagnetic correction -320x10 cgsu Weiss constant 29° •
DIAGRAM 6.6 Temperature Dependence of Susceptibility and Magnetic Moment. 
[ Cr (3 i 3 1 -Salmeb ch) (CH COO)] n
2.0
0.3
-100 0 100 200 300T(K) .
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k / \spectra is concerned, then the lowest energy transition, A -- £s»» T (F),
' s
corresponds to 10Dq, the ligand field splitting energy. From Table 6.2 it 
can be seen that the values of 10Dq obtained for the polymer complexes are 
appreciably less than that for the related salen complex. This might reasonably 
be expected bearing in mind the size of the chelate ring including the two 
nitrogens, especially with the steric constraints afforded by the 
A-,V-methylenebis(cyclohexyl) linkage. This constraint is also demonstrated 
if a space-filling Dreiding model is constructed. It is proposed that the 
environment of the chromium(lll) ion is composed of two oxygen atoms from the 
acetate bridges, two phenolic oxygen atoms from the Schiff base (not necessarily 
from the same unit) with weaker interaction with the two imine nitrogens.
3. Magnetic Susceptibility Measurements.
The magnetic susceptibilities and effective magnetic moments of the 
two polymer complexes over the range 90-293^ are given in Tables 6.3 and 6.*f, 
and Diagrams 6.3 and 6.6. ' •
It seems reasonable to expect that the molar magnetic susceptibility 
and moments of these complexes calculated from the ideal formulae
Cr(polymer)(CH COO) will be affected by non-occupancy of some of the binding
3 . .
sites in the polymer. Thus the magnetic data1 were calculated using the
chromium analysis as a basis for obtaining an ’effective magnetic molecular
weight’. However, after allowing.for:non-occupancy the experimental moments
are still somewhat below the spin-only value of 3-S7BM expected for chromium(lll)
This suggests antiferromagnetic interaction between adjacent chromium ions,
presumably through bridging acetate, this effect being much more important with
the complex [cr(5i5’-Salmebch)(CH^C00)] n in view of its low moment. This was
191also found with the chromium(III)-salen complexes .
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The Weiss constants of 3° for the complex £cr(5i5f~SalMeDPT)(CH^COO)J ^
and'2.6° :for the. complex [Cr(5>5*-Salmebch)(CH^COO)]^ again show the increased 
interaction with the latter complex.
Two other phenomena may affect the observed magnetic moments, induced
orbital contribution and temperature independent paramagnetism (TIP). The
induced orbital contribution (see Chapter 1) for chromium(lll) is introduced
in opposition to the spin contribution and moments of about 3*80BM are observed 
203
TIP is caused by coupling of the ground state of the system with excited 
states of higher energy. This phenomenon was thought to be present in the 
complex [cr(salen)(OH)]o.5 ^ 0  where-the TIP contribution to the molar
-6susceptibility was estimated graphically as being between 250 and k00x10 cgsu 
at 300K. This corresponds to a contribution to the observed moment of up to
0.2BM with the polymer complexes.
179‘In original reports of the polymer complexes , the complexes were 
said to contain low-spin chromium(II) and the observed moment of the complex 
[cr(5,5,-SalMeDPT)] was 2.97BM at room temperature. If the complexes are. 
assumed to contain acetate and chromium(lll) then recalculation of this moment 
gives 3»12BM, although this is still considerably lower than the 3-60BM observed 
for the complex prepared in the present work..
It seems unlikely that the metal ion environment afforded by the
polymeric Schiff base, a 2N,20 donor system, would lead to low-spirf chromium(Il)
175as the same donor set in the bis-ketoommine complexes I gave high-spin 
chromium(ll) with a room temperature moment of to *+.92BM. However, the
complex II gave a room temperature moment of 2.22BM, well below the spin-only 
value of 2.87BM for low-spin chromium(ll) but no temperature dependent investi­
gations were performed and this is an interesting topic for further work.
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6.4 CONCLUSION.
From the evidence it is clear that both complexes contain chromium(IIl) 
and bridging acetate ions. The construction of space-filling models shows a 
regular six-coordinate environment for the chromium ion to be unlikely, and 
this is shown by the infrared, diffuse reflectance and magnetochemical 
investigations of the complexes. It would be interesting to see if the 
reported ability of these complexes to separate mixtures of oxygen and inert 
gases when used as a chromatographic stationary phase is affected by the 
presence of anions other than acetate. •
CHAPTER SEVEN 
Chromium(II) Carboxylate Complexes
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1 INTRODUCTION
The presence of a quadruple metal-metal bond in binuclear chromium(Il) 
acetate (Diagram 7*1) and other complexes, and their anomalous magnetic 
behaviour (the acetate is very nearly diamagnetic) have been the topics of 
considerable research ^  m
DIAGRAM 7«1 Binuclear Structure of the Chromium(II) Acetate Monohydrate Dimer.
H
H3C 
H3 C'
Cr-Cr 2.362A
H
Dichromium(Il) compounds are apparently unique among metal-metal
quadruply bonded systems in the range of metal-metal distances they display
and in the tendency of the metal atoms in neutral molecules to bind axial
ligands, particularly when the ligands on the equatorial sites of the chromium
211 212are relatively weak donors 1 . Adducts and complexes with a variety of
axial and bridging ligands have been prepared and investigated using X-ray 
crystallography (Table 7*1)• Molecular orbital calculations have been used to 
account for the chromium-chromium bond in the dihydrate and it has been shown
132 •
experimentally that removal of the axial water molecules causes contraction of
° 216the Cr-Cr bond to 2.288A . Since the chromium-axial ligand bonding uses to
some extent, the same d„2 orbital that is .the principal contributor to the
Zi
chromium-chromium trbond, the presence of axial ligands tends to weaken the
chromium-chromium bond; this can be seen reflected in the Cr-Cr bond lengths
(Table 7-1 )• Other complexes of this type that have been prepared include the
acetate complexes Cr^CCH^COO)^^ (L=piperidine, substituted pyridines, ammonia
and pyrimidine) and the formate complexes Cr^CHCOO)^^ (L=piperidine,
substituted pyridines, acetonitrile, urea, methanol, THF or \  dioxan). All of 
22P-225
these complexes ~ are almost diamagnetic with room temperature magnetic, 
moments of O.AA - O.83BM, although some of the formate complexes also exist in 
antiferromagnetic forms.
o
TABLE 7*1 Bond Lengths of Dichromium(II) Compounds.(A)
Compound Cr-Cr Cr-axial Ligand Reference
Cr2 ( CH^COO) /| ( 0  ^ 2 2.362 2.272 217-220
Cr2(CH^COO)i+ - 2.288 216
Cr (CH COO), (CH COOH)^ 
2 3 H 3 2
Cr2(CH^C00)J[.(py)2 
Cr2 (CH^COO) ^ (pyaz,)
2.300
2.3A2
2.295
2.306
2.33&
2.31
212
212,221
221
Cr2(CF5C00)1+(Et20)2 2.5zn 2.2AA 211
Cr (Me CCOO), 
2 3 H
2.388 2 .k k 211
Cr2(PhCOO)^ (PhCOOH) 2.352 2.295 211
The similarity between chromium(ll) and copper(II) chemistry has been
lf5 •
known for many years and the structures of the acetates, which are
isostructural, have often been compared- *2^ -6 231^ some copper complexes of
the type (R^lO^Cu^CH C O O ) ^  ] (X=NCS, N02 or Br) have been found to be
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antiferromagnetic and it is suggested that the complexes may have the 
dimeric structure of copper(II) acetate monohydrate with the X ions replacing
the water molecules as in the adducts of chromium(ll) acetate discussed earlier.
233
More recently it has been reported that the metal-metal bonding in copper 
complexes of this type is insignificant because the greater the metal-metal < 
separation the larger the J value and the lower the moment (Meff- is about
1.M+BM at room temperature). This cannot be accounted for by direct metal- 
metal bonding but only by superexchange through the carboxylate bridges (J is 
305cnf1 for R=Me and X=NCS).
'In'.view of the similarity between the copper(ll) and chromium(Il) 
carboxylate dimers, it was decided to attempt preparation of chromium(ll) 
acetate complexes with thiocyanate as the axial ligand. It was considered 
that the relatively strong electron donor properties of the isothiocyanato 
group might affect the degree of metal-metal bonding and the amount of 
interaction in the molecule. Attempts were also made to prepare- a complex with 
a long chain aliphatic acid-as the bridging ligand; this may have created an ' 
hydrophilic environment with no axial aquo ligands.
7.2 EXPERIMENTAL.
Chromium(II) acetate monohydrate-was prepared as previously described 
(Chapter 6), and the propionate and formate monohydrates were prepared 
similarly. Tetraethylammonium thiocyanate was obtained in solution by mixing 
equimolar ethanolic solutions of tetraethylammonium chloride monohydrate and 
potassium or ammonium thiocyanate. This mixture was centrifuged and the 
solution decanted from the precipitated chloride.
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1. Preparation of Ditetraethylammonium Tetra-M-acetatebisthiocyanatodichromate(lI)
Chromium(ll) acetate monohydrate (l«90g 1x10 moles) was washed onto
3
the sinter of a recrystallisation vessel-with dry ethanol (100cm ).
_ o  3
Tetraethylammonium thiocyanate (1x10 moles, see p.13;$) in ethanol (80cm ) was 1
introduced into the vessel and the solution refluxed for about thirty minutes
to bring about dissolution of the acetate. On cooling, a violet,
microcrystalline precipitate appeared. This was filtered off, washed with
3cold ethanol (3x20cm1) and dried under vacuum for five hours.
Calculated for EtjN[cr(CH C00)2(NCS)] -- CrC H^I^SO^:
• Cr 14.51, C 4-3.56, H 7.31, N 7.82?^
Found: Cr 14.22, C 44.02, H 7-33, N 8.39%'
Preparation of Ditetraethylammonium
Tetra-/x-propionatobisthiocyanatodichromate(II)
-2Chromium(ll) propionate monohydrate (3-66g, 1.69x10" moles) was
3dissolved in dry ethanol (100cm ) and a solution of tetraethylammonium
_2 3 .
thiocyanate (1.72x10 moles) in ethanol (100cm ) added dropwise with shaking.
A purple precipitate began to appear after some five minutes, this
3was filtered off, washed with ethanol (2x20cm ) and dried under vacuum for 
about four hours.
Calculated for EtifN[cr(CH^CH2C00)2(NCS)] - 'CrC^H I^SO^:
' C 46.62, H 7.82, N 7.25* %
Found: C 45.33, H 7-67, N 7-29 %
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3* Preparation of Tetra- j x -stearatodichromlum(ll) monohydrate.
A solution of chromium(ll) bromide was prepared by reacting chromium
3pellets (8g) with a mixture of concentrated hydrobromic acid (17cm ) and
3
water (15cm ). Excess chromium was filtered off and the solution, with added
3
water (300cm ), refl.uxed through the sinter of a recrystallisation apparatus,
. C-\_2
sodium stearate (I1«5g* 3•75x10 moles) having previously been placed on the 
sinter.
After all the sodium stear.ate had been dissolved (a period of some 
two hours), the orange precipitate obtained in the recrystallisation flask was
■7
filtered off, washed with cold water (2x20cnrO and dried under vacuum for four 
to five hours.
Calculated for Cr(CH_(CH.) .^C00)o.H*0 - CrC_rHrf_0_:
3 2 1 6  2 2  36 72 5
C 67.88, H 11.39 %
Found:. ' C 68.^5, H 11.07 %
This complex appeared to be insoluble in many common solvents including 
water, ethanol and DMF and attempts to obtain a complex with thiocyanate as an 
axial ligand were frustrated by this insolubility.
k. Attempted Preparation of a Thiocyanato Adduct of Chromium(ll) Formate.
—3Chromium(ll) bromide hexahydrate (3«05gi 9-53x10 moles) and potassium
—3 3
thiocyanate (0.93g? 9*57x10 moles) were dissolved in ethanol (100cm ).
Precipitated potassium bromide was filtered off and the resulting mid-blue
-3solution added to a solution of tetraethylammonium thiocyanate (9*58x10 moles)
3in ethanol (30cm ).
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The deep blue solution was carefully refluxed in a recrystallisation
-?
apparatus, with sodium formate (l»30g, 1.91x10 “moles) added via the sinter.
3This resulted in a purple solution which, when concentrated (to about 30cm ),
gave a mauve precip>itate v/hich was filtered off, washed, with diethyl ether 
3
(2x10 ) and dried under vacuum for five hours.
Calculated for Et^N[cr(HC00)'2(NCS)] - CrC^H^N^O^:
C 39.99, H 6.71, N 8.48 %
Found: C .17-90, H 2.38, N 3.83 %
Recalculation of the analyses for other possible formulations such as 
a mixed thiocyanate formate complex show that the product is a mixture and the
infrared spectrum shows the presence of both thiocyanate and formate with bands
— 1 —1at about 2080cm and 1580cm
5* Attempted Preparation of a Cvanato Adduct of Chromium(Il) Acetate.
—■2
Chromium(ll) acetate monohydrate (l.71g, 9-0x10 moles) was washed
\
onto the sinter of a recrystallisation vessel with dry ethanol (80cm ). A
—3solution of tetraethylammonium chloride monohydrate (l.65g, 8.98x10 moles)
_"z;
and sodium cyanate (0.59g, 9-08x10 ''•moles) in aqueous ethanol (40% solution,
3 .
120cm ) v/as introduced to the flask and the mixture refluxed until all the
acetate had dissolved. No reaction was;apparent even after refluxing for
some ninety minutes, no colour change .or precipitate being observed.
The two thiocyanate adducts were found to be insoluble in acetone, 
ethanol and DMF-and so investigation by NMR spectroscopy v/as not possible.
14 1It is considered that the C and H spectra are of interest due to the 
dependence of the resonances on the magnetic environment afforded by the 
presence of paramagnetic ions.
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TABLE 7»2 Infrared Spectra of Chromium(II) Carboxylato Complexes.
Et^NfcrCRCOO) (NCS)]
Assignment R = CH3
CH CH,
3 2
Cr(CH (CH?)16C00)2.H20‘
OH stretch 3430wyvbr
CH stretches 3000m 3004m
2982m 2982m 2980s
2953m 2932m
2928m ,2920s
2858w 2856m 2856s
Asymmetric COO stretch 1398s,br l605s,br 1568s
Asymmetric-CH -and 1^90s 1465s 1472s, lA65s
-CH^ . deformations . 
3 1429m
Symmetric COO stretch 1420m
1.412m
Symmetric CHV 1 400m 1398m
deformation 1373s 1380w
C-H skeletal stretch 1364m 1360m
1301m,sh 1318m
C-N stretch 1178m,sh 1'l74m,sh
In plane CH vibrations 104lw,br 1053W ;
NCS deformation overtone 1000m 998w
CS stretch 790m 78%/
Out of plane CH 720w,br 721w 722m
vibrations 674m 661w 675^1br
COO deformations 620w 625v/ 624w
NCS deformation 474w •A73w
M~0 stretching 
vibration?
383m 412w •
M-N stretching 
vibration?
282w 338w
C=N stretch 2070s,sh 2079s,sh
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7.3 RESULTS AND DISCUSSION.
The complexes were investigated and characterised as before using 
infrared and UV- visible spectroscopy and by measurement of their 
magnetochemical properties.
1. Infrared Spectroscopy.
The infrared spectra of Et^CrCCH C00)2(NCS)] , Et^NfcrCCH CH2C00)2(NCS
and Cr(CH7(CH2)^gC00)2.H20 we re assigned as shown (Table 7.2). Bands due to
the carboxylato groups are similar to those found in other bridged carboxylato
234-chromium(ll) complexes , with a strong band due to asymmetric COO stretching
— 1 — 1vibrations at about 1600cm and a weak band in the region of 620cm due to
—1COO deformations. There is an additional band at about 1l80cm which has been 
assigned to CN stretching vibrations of the tetraethylammonium cation.
_ 'j
The strong absorption between 2070 and 2080cm in the spectra of the
thiocyanato complexes has been assigned to the CN stretching vibration of
thiocyanate.. Its position and shape are indicative of N-bonded isothiocyanate
groups for which the vibration is expected between 1930 and 2120cm~^
The CS stretching vibration has been assigned to the band at about 790cm and
_1
the band in the region of 474cm has been assigned to the NCS deformation; 
these are also in agreement with data published for isothiocyanate groups (see 
Chapters 3 and 4) •
—1
The bands between 280 and 420cm are provisionally assigned to the
metal-nitrogen and metal-oxygen stretching vibrations. Bands due to metal-
“1nitrogen stretching vibrations have been found in the region of 340cm for
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1 1 9 *complexes of the type (R^N)2Cr(NCS)^ , but in this case the frequency may
be affected by the presence of the metal-metal bond, in that changes in the
electron distribution around the chromium ions v/ill affect the strength and
polarisation of the M-N bond. The metal-nitrogen vibrations occur at lower
energies, this could be due to weaker axial bonding caused by the metal-metal
bond and should also be reflected in the strength of the metal-oxygen carboxylate
bonds; thiocyanate is a stronger donor than the axial aquo ligand found in
Cr(CH_COO)_,H 0.
3 2 2
2. Diffuse Reflectance Studies.
The diffuse reflectance spectra for the complexes 
Eti+N[cr(CH^C00)2(NCS)] , EtjNfcrCC^CH^OO^NCS)] and -Cr(CH (CE^gCOO^.H^O 
are given in Table 7-3 and typical spectra reproduced in Diagrams 7-2 and 7-3*
The reflectance spectra of these carboxylato complexes are complicated 
due to the presence of the quadruple metal-metal bond and interpretation and 
assignment of transitions to the various bands is difficult. The electronic
2^n
spectrum of chromium(II) acetate has been discussed qualitatively and is 
characterised by an unusually broad band which is a composite of several bands. 
The spectra of the isothiocyanato complexes seem.little changed by the presence 
of the isothiocyanato group from that of the acetate monohydrate and an 
interpretation has been made by assuming.that the 3d electrons are mainly 
localised on the chromium atoms and are subjected to a v/eak ligand field and a 
and a still weaker spin-spin perturbation.by the electrons of the neighbouring 
chromium atom. The monomer states consist of a ground quintet and excited states 
including quintets, triplets and singlets. Assuming an antiferromagnetic 
coupling between the two ground quintets (the interaction is known from magnetic 
data to be very strong), the ground state of the dimer will be a singlet,
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TABLE ?«3 Diffuse Reflectance Data for Chromium(ll) Carboxylato Complexes,
Complex • - —1 Absorption Maxima (cm )
Cr(CH (CH ) ,C00) .H 0 
3 2 16 2 2
EtjN[Cr(CH COO)2(NCS)] 
Et:^hT[ Cr (CH^CH^COO ) 2 (NCS )]
21930, 284io, 30580, *10000 
18690, 24880, 28740, 38910 
18520, 24880, 29160, 35970, 39060
-1 235separated from the next excited state, a triplet, by -2J where 2J ~  -700cm .
At room temperature, most of the molecules will be in the singlet states and 
the observed spectrum will consist of singlet — *» singlet .transitions•which 
correspond to the --spin allowed quintet — quintet and spin-forbidden 
quintet — singlet transitions in the monomer systems. The spin-selection 
rule is formally relaxed on the assumption that spin-exchange v/ill occur between 
each of the chromium ions and it is expected that these transitions will make 
some contribution to the band width and intensity of the 1chromium(II) d-d band’,
where this is the broad band resulting from combination of bands referred to-------
earlier.
3» Magnetic Susceptibility Measurements.
All three complexes show magnetic.behaviour similar to 
•CrCCHyXXlO^-H^O with magnetic moments-.'which decrease slightly with temperature 
(Table 7*4 - 7«7, Diagram 7*4 - 7-6) • Also, the complexes show evidence of 
chromium(lll) impurity where the susceptibility increases significantly at 
lower temperatures. This effect is most noticeable for the complex 
Et^N[cr(CH CKpCOO^CNCS)] , but it has been shown ^  that chromium(lll) impurity 
of the order of O.J>% is sufficient to lead to behaviour of the type and 
magnitude observed.
TABLE 7 . k  Magnetic Susceptibility Data for Chromium(II) Carboxylate Complexes.
Cr(CH (CH ) ^COO) .H 0 
3 2 16 2 2
t (k )
rsy £ 
/\>^x10 (cgsu) ^ A~1x102 Z^effCBM)
293-5 3^9 28.7 0.903
262.7 387 23.9 0.901
230.3 302 35-2 0.7*+5
198.3 387 23.9 0.783
166.3 *+*+3 ■ 22.6 0.768
135.7 366 17.7 0.78*+
10*1.0 39 ^ 16.8 0.703
89.5 3*+7 18.3 O .626
Diamagnetic correction -*+33x10 ^cgsu
DIAGRAM 7.** Temperature Dependence of Susceptibility and Magnetic Moment.
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TABLE 7»5 Magnetic Susceptibility Data for Chromium(II) Carboxylato Complexes. 
Et£K[Cr(CH C00)2(NCS)]
T(K) X ,  xi06(cgsu) X a"1x102 Xff(EM)
293-5 273.5 36.6 0.801
262.7 231.8 43.1 0.698
230.3 218.8 ^5.7 .0.635
198.3 200.6 ^9.9 0.36^
166.5 171.9 58.2 O.A78
135.7 17^.5 57.3 ■O.A33
10A.0 22A.0 AA.6 O.A19
89.5 257.9 38.8 0.A30
Diamagnetic Correction -203x10 cgsu
DIAGRAM 7.5 Temperature Dependence of Susceptibility and Magnetic Moment, 
Eti+N[ Cr ( CH2C0°)2( NCS)]______________ ._____________________'________________
p
hOO - .
3 0 0  .
*V -6
/ \ ^ x 1 0  cgsu
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TABLE 7*6 Magnetic Susceptibility Data for Chromiurn(II) Carboxylato Complexes.
Et ^N[ Cr (CH CH2C00) 2 (NCS)]
T(K) /*Cnx10^(cgsu) X A" W Meff(m)
293-5 623.3 16.04 1.21
262.7 680.4 15.86 1.15
230.3 637.5 15.69 1.08
198.3 694.3 14.40 1.05
166.5 807.9 12.38 .1.04
135.7 939.3 10.65 1.01
104.0 1220 8.20 0.978
89.5 1369 7.31 0.990
Diamagnetic Correction -229x10 cgsu
DIAGRAM 7*6 Temperature Dependence of Susceptibility and Magnetic Moment. 
Et^NfcrCCH CH2C00)2(NCS.)] • . ‘____________
1000
-100 0 100 200T(K)
With complexes that are diamagnetic, or at least nearly diamagnetic,
/  +  j 4 #
errors in the weighings become significant (-O.OOOOfjg 1ln each weighing leads to
an error of some 10 x 10 cgsu The measured susceptibility is due to the
-6
combined effect of TIP, which is of the order of 100x10 cgsu for chromium(II), 
and the contribution from chromium(lll) impurity; the complexes are thought to 
show the same behaviour as the acetate, which is probably diamagnetic.
CONCLUSION.
The replacement of the axial aquo ligand of chromium(II) acetate 
monohydrate with thiocyanate also gives a dimeric'complex with a metal-metal 
bond. A proposed structure for the complex dianion is shown in Diagram 7*7
and is similar for the complex Et^N[cr(CH CH^COO^CNCS)] 
DIAGRAM 7«7 Bi.nuclear Structure of Chromium(Il) Acetate Thiocyanate Species.
1^7
The complex Cr(CH_(CEL )^C00)_.H_0 is also concluded to have the 
x 3 ' 2 16 2 2
dimeric structure of chromium(ll) acetate monohydrate and it would be of 
interest to see the effect of the long stearic acid chain on the chromium- 
chromium bond length, although the growth of suitable crystals for X-ray 
crystallographic investigations may prove difficult due to the insolubility 
of the complex. Crystals of the thiocyanate complexes should be more 
easily obtained (the complexes prepared in this work had a microcrystalline 
form). The influence of the thiocyanate ion on the metal-metal bond length is 
of great interest, especially as study of such dimeric chromium(ll) complexes 
has been directed towards obtaining'1 short’ metal-metal bonds.
APPENDIX- I
Single crystals of the chromium(lll) fluoroborate complex of 
1,4,8,11- tetraazacyclotetradecane were obtained as described in Chapter 5<
Unit cell and space group data were obtained from V/eissenberg and 
precession photographs (Table A).
TABLE A. X-Kay Data for Chromium(lll) Tetrafluoroborate Complex.-
Molecular formula CrC H ^ N^BF^
Molecular weight 377.13
Crystal system Orthorhombic
Space group Pccn
o
a 12.693A
o
b 10.9A9A
o
c 10.683A
— -   03 _____
Vc. IA83A
To date, no attempts have been made to solve the structure-
although certain conclusions can be drav/n from the above data. In a space
group Pccn there are eight general equivalent..positions and the density of
-3  "'
the complex is calculated as 3«373gcm from the relationship -
Dcalc = 1.66Q2mZ
\ ; Vc-
where m is the molecular weight, Z is the number of molecules (8 in
03
this case), Vc is the volume of the unit cell (A ) and the constant 1.6602 is
_2A
derived from the atomic mass unit (1.6602 x 10 g) and other unit conversion 
factors. If the number of molecules is assumed to be 4, then the calculated 
density is halved and is now within the expected range for this type of material
149
.However, for there to be four molecules of Cr([l4] aneN^)BF^F 
within the unit cell, it is inherent that the molecules possess either 
2-fold or inversion symmetry.
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Chromium(u) Chemistry. Part 13.1 Thiocyanates
By L eslie  F. L a rk w o rth y ,*  A n d re w  J .  R o b e r ts ,  B. J o ly  T u c k e r , and A h m a d  Y av ari, The Jo sep h  Kenyon 
Laboratory, University of Surrey, Guildford GU2 5XH
Chrom ium (n) form s th e  pen tath iocyanatochrom ate(li), Na3[C r(C N S )5]*9H20 ,  w hich from m agnetic, diffuse- 
reflectance, and i.r. data con tains a square-pyram idal arrangem ent of A -bonded  th iocyanates. A ttem pts to  prepare 
similar sa lts of other metal cations have been unsuccessful, and organic cations give a series of tetrath iocyanato- 
chrom ates(ll), [A]2[C r(C N S)4] [A =  NM e4, NEt4, NPrn4, NBu“4, Hhex, Hpy, £H2en, or £H 2L; hex = hexam ine 
(hexam ethylenetetram ine), py = pyridine, en = ethylenediam ine, and L = 5 ,7 ,7 ,12 ,14,14-hexam ethyl-1 ,4 ,8 ,11- 
te tra-azacyclo te tradeca-4 ,11 -d ienej. In general th ese  com plexes sh o w  antiferrom agnetic behaviour, and are 
believed to  have th iocyanato-bridged  structures. M onoethanol add u cts  of th e  [NEt4] + and [NPrn4] + salts have 
also been isolated, and found to  be m agnetically normal. The [NBun4]+ salt is isolated in tw o  forms, one brown 
and m agnetically normal, and the  o ther blue and antiferrom agnetic.
T h i o c y a n a t o - c o m p l e x e s  of later metals of the first 
transition series are well known,2 and where thiocyanate 
is the only ligand the stoicheiometry of the complex 
anion is usually [M(NCS)4]2- or [M(NCS)e]3-. Few 
investigations of chromium(n) thiocyanates have been 
reported. Sand and Burger 3 believed that tetrathiocyan- 
ates such as [NH4]2[Cr(CNS)4] were present in solutions of 
chromium(n) chloride to which ammonium thiocyanate 
in amyl alcohol had been added. However, Koppel4 iso­
lated the dark blue, highly air-sensitive, pentathiocyanate 
Na3[Cr(CNS) 5] • 11H20  from aqueous solution containing 
sodium thiocyanate in excess, and Asmussen 5 obtained a 
value of 4.77 B.M.f at 291 K for its magnetic moment. 
Hume and Stone 6 found a magnetic moment of 4.90 B.M. 
for aqueous chromium (n) chloride containing an excess 
of potassium thiocyanate, and Barbieri and Tettam anzi7 
isolated a chromium(n) thiocyanate formulated as 
Cr(CNS)2*2 hex*2HCNS; hex is hexamine (hexamethyl­
enetetramine), C6H12N4.
The chromium(n)-thiocyanate system has been re­
investigated because of the unusual pentathiocyanato- 
and hexamine compounds, and to confirm that it is not 
possible to isolate complexes of uranium(m) as the hexa- 
thiocyanatochromate(m) salts 8 because of reduction9 
of the anion by uranium(m) to chromium(ii) thiocyanate 
species.
RESULTS AND DISCUSSION
Pentathiocyanates.—The unique 2 pentathiocyanato- 
formulation of the sodium salt has been confirmed, but 
elemental analyses do not establish the precise degree of 
hydration (Table 1), and on thermal analysis the com­
pound lost hydrogen sulphide as well as water. An 
acetone adduct Na3[Cr(CNS)5],CH3C0CH3*6H20  has 
been obtained but no ammonium, potassium, caesium, or 
barium salts could be isolated, and the use of large 
organic cations produced tetrathiocyanates (see below).
All investigations of Nag[Cr(CNS)5]*9H20  were carried 
out on freshly prepared solids or solutions because of 
slow decomposition (see Experimental section). The 
effective magnetic moment (Table 1) is 4.5 B.M., some­
what below the value of 4.9 B.M. expected for high-spin
f Throughout this paper: 1 B.M. «  9.27 x 10-24 A m2;
1 Oe ~  79.58 A m-1.
chromium(ii) ; the low value could arise because of the 
considerable uncertainty in the degree of hydration, e.g. 
if it were a decahydrate the moment would be 4.6 B.M., 
and because of slight decomposition, although none was 
apparent. However, since the compound obeys the 
Curie law over the temperature range studied, the 
magnetic data establish that the compound is unlikely 
to be polymeric. This is confirmed by the i.r. spectrum 
(Table 2) which shows that no bridging or S-bonded but 
only A-bonded thiocyanate is present. The CS stretch­
ing frequency is well within the range 2 ascribed to A- 
bonding, and, in confirmation, the CN stretching 
absorption is below 2100 cm-1 and broad and asymmetric. 
There are no bands assignable to unco-ordinated NCS- ; 
thus a possible structure is a square-pyramidal arrange­
ment of isothiocyanato-groups with the remaining 
octahedral position occupied by a water molecule. The 
presence of two absorption bands in the region where 
the water deformation occurs, with the higher-frequency 
band (1 673 cm-1) of lesser intensity, suggests that co­
ordinated and lattice water may be present.
The broad, asymmetric, reflectance band (Table 3), 
which was resolved at liquid-nitrogen temperature into a 
band with a lower-frequency shoulder, is typical of dis­
torted octahedral chromium(n). The main band has a 
frequency between those 10 of [Cr(en)3]Br2 (15 700 cm-1, 
en =  ethylenediamine) and [Cr(en)2Br2] (17 900 cm-1), 
and similar to that of [Cr(NH3)5]I2 (17 600 cm-1),11 as 
would be expected if A-bonded thiocyanate were 
present. The high frequency of the shoulder (the 
distortion band) suggests considerable distortion from 
octahedral symmetry in agreement with the structure 
proposed above. The complex [CrCl{N(CH2CH2NMe2)3}]- 
C1 is trigonal bipyramidal,12 but it absorbs at a much lower 
frequency than the pentaisothiocyanate. The com­
plexes Cr(thiourea)4Br2 and Cr(thiourea)6I2, which con­
tain S-bonded thiourea, have 13 main bands much lower 
in frequency at ca. 13 000 cm-1 so this confirms that the 
thiocyanate ions are A-bonded.
The A-ray powder pattern of Na3[Cr(NCS)5]’9H20  can 
be indexed in terms of a tetragonal unit cell (a =  8.20,
c =  12.2 A).
In ethanol and in aqueous solution the shoulder in the 
electronic spectrum was no longer resolved and the main
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T a b l e  1
A nalyses an d  m agnetic  d a ta
Analysis (%) 4
/" ' --A--------------------------- —> fittt.'l
Complex “ and colour C H N Cr T/K B.M. 0 e/° XL*
Na,[Cr(NCS)J-9H10 10.5 (10.5) 2.5 (3.1) 12.2 (11.7) 8.9 (9.1) 295 4.5 * 0 292
90 4.5
Na3[Cr(CNS)5] -CHSC0CHS-6H20 16.6 (16.6) 2.3 (3.1) 12.3 (12.1) 8.8 (9.0) 295 4.31 77 299
90 3.55
[H2en][Cr(CNS)4] grey-blue 20.8 (20.8) 3.1 (2.9) 23.5 (24.3) 15.3 (15.0) 295 4.24 80* 222
90 3.36
[Hhex] 2[Cr (CNS) 4] blue 33.6 (33.9) 4.7 (4.6) 29.1 (29.7) 9.2 (9.2) 295 4.75 0 357
90 4.75
[Hhex],[Cr(CNS)4]*EtOH blue 35.9 (35.3) 5.1 (5.3) 27.3 (27.4) 8.4 (8.5) 295 4.74 70 391
90 3.92
[H2L][Cr(CNS)4] /  blue 41.3 (42.4) 6.0 (6.05) 19.6 (19.8) 9.0 (9.2) 295 4.29 90 • 317
90 3.27
[Hpy]2[Cr(CNS)4] green-brown 36.9 (37.8) 2.7 (2.7) 18.7 (18.9) 11.65 (11.7) 295 3.78 35 213
90 3.36
[NMe4]2[Cr(CNS)4] pale blue 33.2 (33.3) 5.7 (5.6) 19.1 (19.4) 12.0 (12.0) 295 3.81 90 *■» 254
90 2.98
[Nl-'t, , Cr(CNS)4] mauve 44.0 (44.1) 7.3 (7.2) 15.3 (15.4) 9.5 (9.5) 295 4.38 38 348
90 3.91
[NE t4 j 2[Cr(CNS) 4] *E tOH blue 44.4 (44.7) 8.0 (7.85) 14.4 (14.3) 8.8 (8.8) 295 4.63 0 383
90 4.63
[N Prn4] 2 [Cr (CN S) 4] 50.75 (51.2) 8.8 (8.6) 12.7 (12.8) 7.9 (7.9) 295 4.47 82 443
90 3.47
[N Prn4] 2[Cr(CNS) 4] *EtOH mauve 51.2 (51.25) 9.05 (8.9) 11.85 (11.95) 7.4 (7.4) 295 4.69 0 477
90 4.66
[NBun4]2[Cr(CNS)4] brown 55.8 (56.2) 9.5 (9.4) 10.8 (10.9) 6.75 (6.8) 295 4.76 • 0 538
90 4.75
blue 56.0 (56.2) 9.5 (9.4) 10.9 (10.9) 6.7 (6.8) 295 4.30 » 90 * 538
90 3.36
° Complexes soon become dark grey in air except [Hhex]2[Cr(CNS)4] which is stable when dry. 4 Calculated percentages in 
parentheses. e Calculated from pen. =  2.828 (XAT)* and Curie-Weiss law XA-1oc(T  - f  0); 10~6* l  is the diamagnetic correction in 
cm3 m ol'1. a Calculated assuming 9H20 ;  analyses do not precisely fix degree of hydration. • Obtained by  extrapolation 
of upper linear part of Curie-Weiss plot, f  L =  C16H32N4 macrocycle. * Magnetic moments in solution: [NMe4]+, 4.8 B .M .; brown 
[NBu»*]+ 4.90 B.M.; blue [NBu»4]+, 5.1 B.M.
T able 2
In fra red  abso rp tions (cm-1) of th iocyanato -g roups
Compound x(CN) -(CS) 2 x  8 (NCS) 8 (NCS) : v(MN)
Na3 [Cr (NCS) 5] • 9H20  • 2 085vs, vb 810w 960w, b 480vw 327m
Nas[Cr(CNS)J-6H20 2 118s, sh 810m 960w 480w 335m
(acetone adduct) 2 085vs 724m 940w 420 (sh)
[Hten] [Cr (CN S) 4] 2 118vs, b (800w) 958w 482s (343s) 4
2 070 (sh) (770s) 945w 469m
[Hhex]2[Cr(CNS)4] 2 090vs, b (786m) 4 (830vs) (978s) 479m 330m, b
2 050 (sh) [820 (sh)] (848s) [970 (sh)] 366vw
[Hhex]2[Cr (CN S) 4] *EtOH 2 080vs, b (814s) (958s) 485m 345m, vb
2 050 (sh) (782w)
[H2L][Cr(CNS)4] 2 130 (sh) (815m) (938m) 478m 342m, b
2 115s
2 105vs [800 (sh)]
2 075vs
[Hpy]2[Cr(CNS)4] [2 120 (sh)] 810vw (965w, b) 485m 370s
2 050vs, vb 330s
[NMe4]2[Cr(CNS)4] 2 095vs, vb 810w (965vw) 480w 367w
793vw (951s) 472w 333m
(942vs)
[N E t4] 2[Cr (CN S) 4] 2 080vs, vb (780s, b) 965m 482m 365s
(722m) 950m 345s
[N E tJ 2[Cr (CNS) 4] -EtOH 2 080vs, b (790s, b) 972m 487m 365m
958m 345 (sh)
[N Prn4] 2[Cr (CN S) 4] 2 115s, sp 808m 945 (sh) 479m (322s, b)
2 075vs, b 795 (sh)
[NPr»4]2[Cr(CNS)4]*EtOH 2 060vs, vb 826m (968s) 482m (355m, b)
[NBu“4]2[Cr(CNS)4] brown 2 075vs, b (832m) (800 m) 965m 488m 355s, vb
(773w)
blue 2 126vs, sp 812m 955m 480m 364m
2 090 (sh) [790 (sh)] 970m 326m
2 070vs, b
0 W ater absorptions: i> (O H 2) a t 3 580s, 3 420vs, vb, and 3 200vw (sh); 8(OH2) a t 1 673m and 1 610s, b cm-1. 4 Assignments of
bands shown in parentheses are uncertain because counter-ion absorptions occur in the same regions.
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bands were at lower frequency: 15 300 (e =  41 cm2 mol-1) 
and 15 200 cm-1 respectively, the bathochromic shift 
suggesting some solvolysis. In agreement, the addition 
of an excess of sodium thiocyanate increased the absorp­
tion frequencies respectively to 16 700 and 16 600 cm-1, 
close to the reflectance value. The spectrum of the 
ethanolic solution was similar to th a t9 of the solution 
obtained from the reaction of [NH4][UC14]*5H20  with 
K3[Cr(NCS)6], thus confirming that reduction of the
Magnetic behaviour. Several tetrathiocyanatochro- 
mate(n) salts (Table 1) were isolated in two forms 
dependent on the experimental procedure: [NBun4]+, 
brown or blue; and, with or without ethanol, [Hhex]+ 
[NEt4]+, and [NPru4]+. One of each pair of complexes, 
and all the complexes which were obtained in one form 
only, were antiferromagnetic since their effective 
magnetic moments (Table 1) at room temperature were 
well below the spin-only value, decreasing still further
T able  3
R eflectance and  so lu tion  spec tra  (cm-1)
Compound 
Nas[Cr(NCS)6]*9H20  normal high-spin 
[Hten][Cr(CNS)4]
[Hhex]j[Cr(CNS)4] normal high-spin 
[Hhex],[Cr (CNS) 4]-EtOH 
[H2L][Cr(CNS)4]
[Hpy]j[Cr(CNS)4]
[NMe4] 2[Cr (CNS) 4]
[N E t4] 2 [Cr (CN S) 4]
[N Et4]t[Cr(CNS)4]*EtOH normal high-spin 
[NPrn4]8[Cr(CNS)4]
[NPrn4]t [Cr(CNS)4]*EtOH normal high-spin 
[NBun4]2[Cr(CNS)4] brown normal high-spin 
blue
Reflectance bands ■
16 800vb, 17 200sb,e 13 500 (sh)
17 700mb
16 800sb, 12 000m
17 OOOvb, 17 400sb,e 16 600 (sh)
15 OOOvb
17 400mb
16 700mb
18 OOOmb
17 OOOmb 
15 800s
19 200s
18 OOOmb, 15 000 (sh)
14 500s
Solution bands 0 
15 300 (41),» 15 200 4
17 700 (52), 16 900 (sh), 16 500,* 15 400 (sh)
17 900 (52), 16 800 (sh)
16 700 (48), 15 200 (sh)
18 000 (60), 16 800 (sh)
17 800 (70), 16 800 (sh)
17 500 (66), 16 600 (sh)
17 900 (82), 16 800 (sh)
" The solvent was acetone unless otherwise stated. Absorption coefficients (cm2 mol-1) are given in parentheses. h Ethanol. 
* Reflectance spectra were recorded a t room and liquid-nitrogen temperature, and only for these complexes was there increased 
resolution on cooling. 4 W ater.
hexathiocyanatochromate(m) by the uranium(m) had 
occurred, so it is unlikely that uranium (in) salts of the 
chromate(m) anion can be isolated in spite of a report8 
to this effect.
The acetone adduct (Table 1) has a magnetic moment 
well below the spin-only value which decreased still 
further as the temperature was lowered, and the com­
pound obeyed the Curie-Weiss law with 0 — 77°. The 
reflectance spectrum was very similar to that of Na3- 
[C^NCSJgl’OHgO, indicating a similar environment for 
the chromium(n) ion, but a shoulder at 2 118 cm-1 on 
the strong, broad, v(CN) absorption at 2 085 cm-1 
suggests 2 that S-bonded, probably bridging, as well as 
A-bonded, thiocyanato-groups are present. This, and 
the antiferromagnetic behaviour, indicate polymerisation 
of the thiocyanato-anions in the solid.
Tetrathiocyanates.—During an attempt to prepare 
chromium(n) complexes of the Curtis14 macrocycle 
Ci6H32N4 (L =  5,7,7,12,14,14-hexamethyl-l,4,8,ll-tetra- 
azacyclotetradeca-4,ll-diene) the macrocycle dihydro­
bromide was added to an aqueous solution containing 
chromium(n) bromide and ammonium thiocyanate. The 
tetrathiocyanate [H2L][Cr(CNS)4] crystallised, and this 
led to the preparation of the hexamine compound,7 now 
more accurately formulated as a hexaminium salt, 
[Hhex]2[Cr(CNS)4], and an ethylenediamine (en) salt, 
[H2en][Cr(CNS)4], and similar salts of singly charged 
substituted ammonium cations (Table 1). These repre­
sent a new class of chromium(n) cemplex. Ammonium 
thiocyanate in excess (see Experimental section) did not 
give penta- or hexa-thiocyanates; tetrathiocyanates 
always separated, although the ion [Cr(NCS)6]4- is sa id 15 
to exist in molten potassium thiocyanate.
as the temperature was lowered. They obeyed the 
Curie-Weiss law over the range 150—300 K, and the 
majority showed upward curvature of the 1/XA plots 
below 150 K, indicating that Neel points lie not far 
below liquid-nitrogen temperature.
The antiferromagnetic behaviour could arise because 
of interaction between chromium(n) ions bridged by
Cr'
xSCN,
N C S '
C r '
SC N.
•N C S '
Cr
SCN.
‘ NCS''
(I)
thiocyanate as in (I) in which long bonds are shown to 
S atoms of thiocyanato-bridges. Electronic and i.r. 
spectra (see below) are compatible with this type of 
structure. The magnetic data (Table 4), except for the 
[Hpy]+ and [NMe4]+ salts, could be fitted to Smith and 
Friedberg’s expression16 for antiferromagnetic inter­
action in an infinite linear chain by substitution of the 
values of J  and g given in Table 5. Examples of the fits 
are given in the Figure. It is not known why the data 
for the [Hpy]+ and [NMe4]+ salts could not be fitted 
satisfactorily.
Surprisingly, the complexes [Hhex]2[Cr(CNS)4] .
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[NEt4]2[Cr(CNS)4]*EtOH, [NPrn4]2[Cr(CNS)4],EtOH, and EtOH]2- anions, or the bridging system is modified by
brown [NBun4]2[Cr(CNS)4] were not antiferromagnetic; its presence so that the magnetic interaction is not
their magnetic moments, although somewhat below the possible.
spin-only value, did not vary with temperature (6 =  0°). The magnetically dilute, brown complex [NBun4]2-
The magnetically dilute behaviour of [Hhex]2[Cr(CNS)4], [Cr(CNS)4] cannot contain tetrahedral anions since a
T able  4
Variation with absolute temperature of atomic susceptibilities (c.g.s. units) and magnetic moments (B.M.) of the
antiferromagnetic complexes
T 297.6 262.5 230.0 198.5 166.5 135.5 103.5 89.5
106Xa 6 097 6 728 7 359 8 161 9 115 10 204 11 792 12 439
3.81 3.76 3.70 3.60 3.48 3.33 3.12 2.98
[N Etl]1[Cr(CNS)4]
T 296.0 262.5 230.0 198.5 166.5 135.5 103.5 89.5
8 133 8 899 10 230 11 320 13 320 15 440 19 040 21 340
f*e«. 4.38 4.32 4.34 4.24 4.21 4.09 3.97 3.91
[NPr“4] [Cr (CN S) 4]
T 295.0 262.5 230.0 198.5 166.5 135.5 103.5 89.5<X©^-4 8 453 9 132 10 210 11 330 12 770 14 250 16 100 16 640
t*e«. 4.47 4.38 4.34 4.24 4.12 3.93 3.65 3.45
[NBunj  2[Cr (CN S) 4] 
T 293.5 263.0 230.0 198.5 166.5 135.5 103.6 89.5
1 0 V 7 851 8 706 9 451 10 580 11 800 13 180 14 750 15 760
(Aeff. 4.29 4.28 4.17 4.10 3.96 3.78 3.49 3.36
[Hhex],[Cr(CNS)J-EtOH
T 291.5 262.5 230.0 198.6 166.5 135.5 103.6 89.5
1 0 V 9 451 10 110 11 440 12 690 14 460 16 620 17 780 21 450
(Aeff. 4.69 4.65 4.59 4.49 4.39 4.24 4.06 3.92
[H8L][Cr(CNS)4]
T 295.0 262.5 230.0 198.5 166.5 135.5 103.5 89.5
10*XA 7 816 8 519 9 456 10 420 11 600 12 900 14 030 • 14 880
(*««. 4.29 4.23 4.17 4.07 3.93 3.74 3.41 3.26
[H2en][Cr(CNS)4]
T 293.0 262.5 230.0 198.5 166.5 135.5 103.5 89.5
1 0 V 7 606 8 321 9 189 10 171 11 496 13 022 14 895 15 703
I**. 4.23 4.81 4.11 4.02 3.91 3.76 3.51 3.35
[Hpy]2[Cr(CNS)4]
T 295.5 262.5 230.0 198.5 166.5 135.5---- 103.5— ------- 89.5
10«xa 6 046 6 815 7 599 8 645 9 995 11 748 14 084 15 798
{Xefr. 3.78 3.78 3.74 3.70 3.65 3.57 3.41 3.36
crystallised from water, is probably due to the absence 
of bridging thiocyanates. The hexaminium ion has three 
unprotonated tertiary amine groups through which it 
could weakly co-ordinate. A tetragonal configuration
T able  5
Exchange integrals (/) for antiferromagnetic linear 
chain (ref. 16)
Compound . //c m  1 g
[NEt4]2[Cr(CNS)4] 3.80 1.93
[NPrn4] 2[Cr(CNS) 4] 5.56 2.03
[NBun4]2[Cr(CNS)4] 5.60 1.96
[H2L)[Cr(CNS)4] 6.12 1.98
[Hhex] [Cr(CNS) J  -EtOH 3.34 2.02
[H2en] [Cr (CN S) 4] 6.91 1.96
of four equatorial thiocyanate and two axial hexaminium 
ions is consistent with the stoicheiometry and the 
magnetic behaviour. Recrystallisation from ethanol 
produced antiferromagnetic [Hhex]2[Cr(CNS)4]*EtOH 
which presumably has a thiocyanato-bridged structure. 
On the other hand the ethanolates of the [NEt4]+ and 
[NPrn4]+ salts are magnetically normal. This may be 
because co-ordination of EtOH produces [Cr(NCS)4*
first-order orbital contribution to the magnetic moment 
would be expected giving rise to a temperature-depen­
dent moment greater than the spin-only value at room 
temperature. The reflectance spectrum is that of a 
highly distorted, six-co-ordinate, chromium(n) com­
pound. It is thus suggested that this complex is bridged, 
but with greater bridging dimensions than in the blue 
form.
Dissolved in acetone, both [NBun4]+ salts, and the 
[NMe4]+ salt, gave high-spin magnetic moments (Table 1, 
footnote g), indicating that the reduced moments of the 
solids arise from intermolecular antiferromagnetism.
Infrared spectra. Thiocyanate absorptions (Table 2) 
have been assigned by comparison with the spectra of the 
cation halides. The bands corresponding to the stretch­
ing vibration, v(CN), are very broad and often complex, 
with sharp components above 2 100 cm-1 in some cases. 
There is also considerable variation in spite of the identi­
cal stoicheiometry of the anions, and, since there is 
considerable overlap of the ranges characteristic2 of 
v(CN) vibrations of TV-bonded, S-bonded, and bridging 
thiocyanate, identification of the bonding mode is
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difficult. The position, complexity, and breadth of the 
bands suggest that bridging and iV-bonded thiocyanate 
groups are present.
The deformation band, 8(NCS), was found in the 
range 470— 490 cm"1, which would be expected for 
iV-bonded and bridged thiocyanate. Unfortunately, 
counter-ion absorptions confuse the regions where the 
v(CS) stretching vibration and the S(NCS) overtone 
occur, although where assignments are possible they 
suggest iV-bonded and bridging thiocyanate. Two 
bands (or one broad one) in the range 320—370 cm"1 have 
been assigned to v(Cr-NCS) vibrations.
Electronic spectra. Since the 5D ground term of 
chromium (n) is split in a weak octahedral field into upper
0 100 200
TJ  K
Temperature variation of calculated (------ ) and experimental re­
ciprocal molar susceptibilities of [N Et4]2[Cr(CNS)4] (O) and 
[H,en][Cr(CNS)4] (□)
bTzg and lower bEg terms one spin-allowed transition is 
expected. However, because of the orbital degeneracy 
of the 6Eg term, the spectra of chromium(n) compounds, 
even with six identical ligands, consist of a main band, 
usually of greater intensity, and a weaker distortion 
band or shoulder at lower frequency. In some cases, 
where the axial field is weak because of ligand inequiva­
lence, as in [Cr(en)2I2],10 the distortion band merges 
with the main band to give one very broad band asym­
metric to low frequencies. The main band is ascribed 
(Du  symmetry) to superimposed sB ig—>5B 2g and 55 i s->  
bE g transitions, and the distortion band to the 5B lg-^5Axg 
transition. The diffuse-reflectance spectra (Table 3) fall 
into this general pattern, but there are greater variations 
than would be expected among anionic complexes of the 
same stoicheiometry. For example, in the series of 
chloride-bridged complexes, M2[CrCl4] (M =  NH4, K, Rb, 
or Cs), the main and distortion bands were found17 in 
the narrow ranges 10 900—11 000 and 7 500—8 000 cm"1 
respectively.
It is difficult to see any pattern in the spectra of the 
[Cr(CNS)4]2_ salts, particularly because most spectra 
consist of one very broad band asymmetric to low fre­
quencies, and no better resolution was obtained at liquid- 
nitrogen temperature. However, the spectrum of 
[Hhex]2[Cr(CNS)4] contains a main band at 16 800 cm"1 
and a distortion band at 12 000 cm"1; this is consistent 
with a tetragonal arrangement of four iV-bonded thio­
cyanate ions and weak axial co-ordination of two hexa­
minium ions, and would explain the magnetically dilute
behaviour. The antiferromagmetic ethanol adduct has 
one reflectance band (with a shoulder resolved at liquid- 
nitrogen temperature), and possibly substitution of S 
atoms of thiocyanate bridges for axial hexaminium ions 
to give structure (I) has increased the distortion and 
caused the distortion band to merge with the main band. 
The spectra of the magnetically dilute ethanol adducts of 
the [NEt4]+ and [NPrn4]+ salts also contain one band 
although the absorption maxima are at very different 
frequencies, 17 000 and 19 200 cm-1 respectively. 
Possibly, in the former complex the ethanol is co­
ordinated to give a square-pyramidal anion [Cr(CNS)4- 
(HOEt)]2", while in the latter, with a spectrum indicating 
still greater distortion, the anions are essentially planar. 
The brown high-spin [NBun4]+ salt does not contain’ 
ethanol, and its spectrum, with the main band at 18 000 
cm-1 and the distortion band as a shoulder at 15 000 
cm"1, indicates considerable distortion. It is possible 
that the complex has a chain structure like (I), but the 
steric requirements of the bulky counter ions located 
between the chains lead to Cr~S distances too large to 
permit antiferromagnetic behaviour.
The remaining salts are all antiferromagnetic, with one 
broad reflectance band, and structures like (I) are sug­
gested for those with band maxima near 17 000 cm"1 or 
higher. However, the complexes [NPrn4]2[Cr(CNS)4] and 
blue [NBun4]2[Cr(CNS)4] have reflectance bands at such 
low frequency compared to the other complexes that 
terminal S-bonded thiocyanate may be present, or N  
atoms of the bridges may lie along the elongated tetra­
gonal axis to reduce the net ligand field.
Unfortunately, no detailed X-ray structural data are 
available for these or related copper(n) complexes. The 
d spacings of [NEt4]2[Cu(CNS)4] 18 and [NEt4]2[Cr(CNS)4] 
are similar, although not identical, so that the complexes 
are likely to have the same general structure. The 
copper(n) ion is believed,18 from spectroscopic studies, 
to be surrounded by 4 N and 2 S atoms, i.e. it contains 
bridging thiocyanate, but with weaker bridges than in 
[NMe4]2[Ni(CNS)4]. With large counter ions, copper(n) 
forms tetrahedral thiocyanato-anions,18 but this has not 
been found with chromium (n) The powder photograph 
of the blue form of [NBun4]2[Cr(CNS)4] showed little 
resemblance to that of the brown form, confirming the 
considerable structural differences adduced from other 
evidence.
Dissolved in acetone, the [NMe4]+, [NEt4]+, [NPrn4]+, 
and [NBun4]+ salts gave similar spectra (Table 3) 
indicating that the same species, presumably [Cr(CNS)4]2_ 
with axially co-ordinated solvent molecules, was present. 
However, the spectrum of the ethanol adduct of the 
[NEt4]+ salt in acetone was similar to its diffuse- 
reflectance spectrum, and the main band was at a fre­
quency approaching that of a saturated solution of the 
[NMe4]+ salt in ethanol. This agrees with the suggestion 
that ethanol is co-ordinated in the magnetically normal 
[NEt4]+ salt. The molar absorption coefficients are 
accurate only to 5— 10% because of the difficulties in 
handling these highly air-sensitive solutions, but they
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are too low for tetrahedral anions to be present in solution 
and are of the order found for six-co-ordinate chromium- 
(n) complexes, e.g. for19 [Cr(dien) (dien =  diethyl­
ene triamine), e =  19 cm2 mol-1.
EXPERIMENTAL
P reparation o f  N a3[Cr(NCS)5]*9H20 .— C hrom ium (ii)
chloride te tra h y d ra te  (3.05 g) in  w a te r (7 cm 3) w as added  
u n d er n itrogen  to  a  sa tu ra te d  so lu tion  of sodium  th io cy an a te  
m onohydrate  in excess (18 g, 25 cm 3). T he deep  b lue  
solu tion  w as cooled in ice an d  th e  b eau tifu l deep lilac-blue 
needles w hich sep ara ted  w ere filtered  off as soon as possible 
because th e  aqueous solu tion  becam e d a rk  green in a few 
hours, even under n itrogen .
T he c ry sta ls  were th e n  w ashed w ith  a  very  sm all am o u n t 
of cold e thano l in w hich th e y  are  h igh ly  soluble, an d  dried  
on  th e  p um p  for several hours. T he com pound is hyg ro ­
scopic and air-sensitive, an d  in  sealed tu b es  d arkens in a 
few weeks. I t  is v ery  soluble in  acetone and  e th y l ace ta te , 
so lu tions in  organic so lven ts being m uch  m ore s tab le  th a n  
those  in  w ater. W hen th e  com pound w as dissolved in 
acetone, th e  solu tion  filtered, an d  th e  so lven t rem oved 
com pletely, pale blue, hygroscopic, and  air-sensitive crysta ls  
of a m onoacetone adduct w ere ob ta ined . T he carbony l 
s tre tch in g  frequency  of acetone w as low ered to  1 690 cm -1 in 
th e  com plex.
D eep b lue so lu tions w ere o b ta ined  w hen po tassium , 
am m onium , o r barium  th io cy an a tes  were used as above, b u t 
no c ry s ta ls  sep ara ted  on cooling o r on th e  add ition  of 
e thano l, and  a f te r  a  few hours o r on concen tra tion  th e  
solu tions decom posed. W hen  sa tu ra te d  aqueous lith iu m  
chloride w as added  to  th e  deep b lue aqueous solu tion  con­
ta in in g  an  excess of am m onium  th io cy an a te , and  th e  m ix tu re  
w as cooled in ice, pale v io le t c ry sta ls  separa ted . T hey  were 
co n tam in a ted  w ith  lith ium  an d /o r am m onium  sa lts  since 
ex trac tio n  w ith  acetone left a  w hite  residue. C hrom ium  
analysis of th e  soluble po rtion  corresponded app rox im ate ly  
to  L i3[Cr(CNS)6], b u t because of th e  difficulty in ob ta in ing  
th is  m ate ria l no fu r th e r investiga tions w ere carried  out.
Preparation o f Tetrathiocyanates.— An aqueous solu tion  
of chrom ium (n) brom ide h ex ah y d ra te  (1.60 g, 15 cm 3) in 
w a te r w as tre a te d  under n itrogen  w ith  an  aqueous solu tion  
of am m onium  th io cy an a te  (1.52 g, 15 cm 3; 1 : 1 mol ra tio ). 
T o th e  very  deep b lue  solu tion  w as added  an  aqueous so lu­
tion  (2.20 g, 25 cm 3; 1 : 1 m ol ra tio ) of th e  C urtis 14 m acro­
cycle d ihydrobrom ide d ih y d ra te  L*2HBr’2H 20  in  w hich 
L  =  C18H 32N 4. A b rig h t b lue p rec ip ita te  of th e  complex 
[H 2L][Cr(CNS)4] form ed im m ediately . T his w as filtered  
off, w ashed w ith  w ater, an d  dried  in  vacuo.
A sim ilar p rocedure w ith  e thy lened iam ine d ihydrochloride 
gave a  pale  b lue p ro d u c t w hich le ft a  w h ite  residue of 
am m onium  chloride w hen tre a te d  w ith  acetone o r e thano l. 
T he b lue p ro d u c t w as too  soluble to  be ex tensively  w ashed 
w ith  w ate r to  rem ove th e  am m onium  chloride. T hus, to  
p repare  th e  complex [H 2en][Cr(CNS)4], th e  barium  su lp h a te  
o b ta ined  w hen an  equ iva len t am o u n t of aqueous barium  
th io cy an a te  (2.53 g, 20 cm 3) was added  to  aqueous chro- 
m ium (n) su lp h a te  p e n ta h y d ra te  (2.38 g, 20 cm 3) w as 
filtered off as quick ly  as possible, and  th e  resu lting  solu tion  
of chrom ium (n) th io cy an a te  tre a te d  w ith  aqueous ethy lene- 
d iam m onium  d ith io cy an a te  (1.78 g, 20 cm 3). T he pale b lue 
solid w hich separa ted  w as filtered  off, w ashed w ith  a li tt le  
ice-cold w ater, and  dried . T he e thy lened iam m onium  d i­
th io cy an a te  w as p repared  b y  crys ta llisa tion  from  an 
aqueous solu tion  of e thy lened iam ine  to  w hich d ilu te  h y d ro ­
chloric acid and  th e n  am m onium  th io cy an a te  h ad  been 
added  in  1 : 2 m ol ra tio .
T he pyrid in ium , [NMe4] +, [N E t4]+, [N P rn4]+, and  hexa­
m in ium  (H hex =  C6H 13N 4) tetrathiocyanatochromates(u) 
w ere p repared  from  aqueous so lu tion  analogously  to  
[H 2L][Cr(CNS)4], excep t th a t  th e  la s t w as p repared  from  th e  
hexam in ium  th io cy an a te  an d  n o t th e  brom ide. T he b lue 
ethanolates [N E t4] 2[Cr(CNS)4]-E tO H , [N P r^ y C rfC N S )^ -  
E tO H , and  [H hex]2[Cr(CNS)4]*E tO H  w ere o b ta ined  w hen 
th e  aqueous p roduc ts w ere recry sta llised  from  w arm  96%  
ethano l. T he d a rk  pu rp le  com plex [N P rn4]2[Cr(CNS)4] • 
E tO H  lo s t e th an o l u nder reduced  pressu re  a t  40 °C form ing 
th e  b lue unso lvated  com plex. T he o th e r  com plexes lose 
e th an o l less readily .
T he te trab u ty lam m o n iu m  sa lt  [N B un4]2[Cr(CNS)4] can  be 
o b ta ined  in brow n an d  b lue  form s. W hen  aqueous 
[N B un4]B r w as added  to  an  aqueous so lu tion  of chrom ium (n) 
brom ide and  am m onium  th io cy an a te  a  s tick y  b lue p rec ip ita te  
sep ara ted  im m ediately . A fte r a  few  m inu tes  th e  solid 
s ta r te d  tu rn in g  brow n an d  th e  change w as com plete  a fte r  
10— 15 m in. T he brow n solid  w as th e n  shaken  from  th e  
sides of th e  flask, filtered  off, an d  w ashed w ith  sm all po rtions 
of w ater. I t  was th e n  d issolved in  a  m in im um  of ab so lu te  
e thano l, an d  le ft to  s tan d . Crystals of th e  b row n form  of 
[N B un4]2[Cr(CNS)4] sep a ra ted  from  th e  b lue so lu tion  a f te r  a 
few hours. To o b ta in  th e  b lue fo rm  chrom ium (n) su lp h a te  
w as used in s tead  of th e  brom ide, and  th e  m o th e r-liq u o r w as 
qu ick ly  decan ted  from  th e  s tick y  b lue solid before i t  could 
change com pletely  to brow n. T he solid w as qu ick ly  w ashed 
tw ice w ith  w a te r by  decan ta tio n , dissolved in  96%  ethano l, 
and  le ft to  crystallise. B lue crystals sep a ra ted  slow ly. I f  
c rys ta llisa tion  to o k  p lace to o  qu ick ly  b row n  c ry s ta ls  
appeared  b u t these rev e rted  to  th e  b lue form  on s tand ing . 
P rep ara tio n s from  chrom ium (n) su lp h a te  o r iodide a lm o st 
invariab ly  gave th e  blue form , b u t a tte m p ts  to  o b ta in  th is  
from  th e  chloride or b rom ide w ere unsuccessful. T his 
behav iour is n o t understood.
T he te tra th io cy an a to ch ro m a te s(n ) show  d ifferen t so lu­
b ility  behav iou r from  th e  p en ta iso th io cy an a te . T h ey  are  
insoluble in w ater, a lm ost insoluble in  e th an o l, an d  v e ry  
soluble in  acetone. In  general, th e y  a re  s tab le  u n d e r n itro ­
gen. W ith  th e  excep tion  of th e  ethano l-free  hexam in ium  
sa lt, w hich seem ed unchanged  a f te r  som e m o n th s, th e  
com plexes qu ick ly  tu rn  d a rk  g rey  in air.
A tte m p ts  to  isolate a  sim ple chrom ium (n) th io cy an a te  
were unsuccessful. O n concen tra tio n  u n d e r reduced  p res­
sure o r on s tan d in g  th e  deep  b lue so lu tions o b ta in ed  from  
chrom ium (n) sa lts  and  am m onium  o r b a riu m  th io cy an a te s  
becam e d a rk  green and  hyd rogen  su lph ide  w as evolved .
T he com plexes [N E t4]2[Cu(CNS)4] an d  [N E t4][Co(NCS)4] 
were o b ta ined  by  th e  m ethods of F o rs te r  an d  G oodgam e.18
A nalyses and P hysical M easurem ents.— T o d e te rm ine  
chrom ium  th e  sodium  sa lts  w ere dissolved in  w a te r, n itric  
acid added , and  th e  so lu tion  boiled u n til  i t  becam e d a rk  
green. T he chrom ium  w as p rec ip ita ted  as th e  hyd rox ide  
by th e  ad d itio n  of co ncen tra ted  am m onia  u n til th e  so lu tion  
w as alkaline to  M ethyl R ed. T he h y d rox ide  w as th e n  
filtered  off an d  ign ited  to  C r20 3. All o th e r com plexes w ere 
ign ited  d irec tly  to  Cr20 3.
M agnetic m easurem ents on solids were carried  o u t b y  th e  
G ouy m ethod  from  room  to  liqu id -n itrogen  te m p e ra tu re  on 
sam ples sealed in  vacuo in P y rex  tu b es . T he a p p a ra tu s , 
ca lib ra ted  w ith  Hg[Co(NCS)4], w as supp lied  b y  N ew port 
In s tru m en ts , N ew port Pagnell, B ucks. T he E v an s 
m ethod  20 w as used to  de te rm ine  th e  m ag n etic  su scep tib ility
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of com plexes d issolved in  acetone. T he so lu tions w ere 
p repared  u n d e r n itrogen  from  red istilled  acetone. R eflect­
ance sp ec tra  w ere recorded  on a  U nicam  S P  700C spec tro ­
p h o to m e te r p rov ided  w ith  a  S P  735 diffuse-reflectance 
a tta c h m e n t an d  a  lith ium  fluoride reference. Solution  
sp ec tra  w ere recorded  on a  B eckm an A cta  M IV  spec tro ­
pho tom eter. T he sam ples w ere sealed in  cells u n d e r 
n itrogen . In fra red  spec tra  of N ujol m ulls (K B r discs) 
m ade up  in  a  n itro g en  bag^were recorded on a  P erk in -E lm er 
577 spectropho tom eter.
W e th a n k  th e  S.R .C. fo r a s tu d en tsh ip  (to  A. J . R .), and  
th e  C om m onw ealth  Scholarship Com m ission for an  aw ard
( t o B . J . T . ) . -
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